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1.1.1	The	consequences	of	rapidly	increasing	mobility	demand	in	urban	metro	areas	The	 first	 area	 to	 face	 the	 rapidly	 increasing	mobility	 demands	 due	 to	 high	population	density	 is	 the	urban	metro	areas.	The	United	Nations	 reported	 that	by	the	 year	 2050,	 70%	of	 people	will	 live	 in	 urban	metro	 areas	 [1].	 ADL	 Future	 Lab	reported	 that	 the	 urban	mobility	 demands	 will	 increase	 to	 2.6	 times	 the	 current	level,	 even	 faster	 than	 the	 growth	 rate	 of	 urban	 population	 [2].	 Current	 urban	transportation	plans	fail	to	address	the	rapidly	increasing	urban	mobility	demands.	Some	consequences	of	inefficient	urban	transportation	are	listed:	
• In	 2014,	 congestion	 caused	 urban	 Americans	 to	 travel	 6.9	 billion	 hoursadditional,	and	to	purchase	and	extra	3.1	billion	gallon	of	 fuel.	The	nationalcongestion	cost	was	$160	billion	[3].




combustion	 engine	 (ICE)	 vehicles	 by	 electric	 vehicles	 can	 reduce	 heat	emissions	in	urban	area	[6].	
1.2	Transformation	of	the	automotive	industry	and	the	Product-to-Service	
Transition	The	 automotive	 industry	 is	 a	 wide	 range	 of	 companies	 and	 organizations	involved	in	the	design,	development,	manufacturing,	marketing,	and	selling	of	motor	vehicles.	 The	 current	 urban	 transportation	 pressure	 and	 emerging	 technology-driven	 trends	 will	 revolutionize	 how	 industry	 players	 respond	 to	 changing	consumer	behavior,	develop	partnerships,	and	drive	transformational	change	[7].		The	 transition	 (P2S)	 from	 current	 product-based	 competition	 to	 a	marketplace	focused	on	mobility	services	is	unclear.	The	social	economic	benefits	of	adopting	different	sets	of	technologies	in	the	transition	have	not	been	measured.			The	 three	 major	 leading	 indicators	 of	 the	 transformation	 in	 the	 transition	 in	 the	automotive	industry	are	technology	push,	consumer	pull	and	regulation.		
A. Innovation	inputs:	Technology	push	in	the	transitionTraditional	technical	innovations	in	the	automotive	industry	tend	to	focus	on	optimizing	 the	 performance	 of	 a	 vehicle	 as	 a	 product.	 The	 innovative	 parties	 are	primarily	 tiered	 suppliers	 and	 original	 equipment	manufacturers	 (OEM).	 The	 P2S	transition	in	the	automotive	industry	challenges	the	traditional	innovation	process	due	 to	 technology	 complexity	 and	 new	 perspectives	 from	 nontraditional	participants.		The	following	innovation	activities	have	been	observed	in	the	P2S	transition:	
3	 3
• Participants	 from	 the	 technology	 industry	 are	 focusing	 on	mobility	 servicerelated	 user	 behavior	 learning,	 and	 software	 system	 integration.	 Theseparticipants	 help	 improve	 user	 experience	 in	mobility	 services,	 and	 assigntravel	tasks	based	on	user	preferences.
• OEMs	 and	 tiered	 suppliers	 develop	 and	 implement	 alternative	 fueltechnologies	and	partially	automated	driving	technology	(level	1-2	by	NHTSAstandards).	The	technologies	improve	travel	efficiency	of	individual	vehicles,but	do	not	address	traffic	efficiency	at	a	system	level.
B. Technology	adoption	key	factors:	Market	pull	and	consumer	preferences
a. Mobility	sharing	trend	in	Generation	YGen	Y	 (those	 born	 from	1977	 to	 1994)	 is	 emerging	 as	 the	 largest	 segment	influencing	the	automotive	industry.		Gen	Y	has	grown	up	in	a	connected	world	that	has	changed	how	they	interact	with	friends,	family	and	the	world	around	them.	The	needs	to	complete	tasks	that	require	access	to	a	vehicle	are	being	met	by	emerging	transportation	 models	 such	 as	 car-and-ride-sharing,	 and	 improved	 public	transportation.		These	multimodal	systems	are	shifting	preferences	to	vehicle	access	in	contrast	to	vehicle	ownership.	As	a	result,	the	basic	concept	of	mobility	is	being	redefined	 for	 this	 group.	 Vehicle	 sharing	 is	 becoming	 an	 increasingly	 large	component	 of	 this	 redefinition	 [8].	 In	 the	 mobility-sharing	 trend,	 consumer	preferences	(such	as	price,	travel	time,	environmental	consciousness,	etc.)	will	lead	to	different	mobility	sharing	solutions.		
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b. Hidden	problems	in	mobility	sharingShared	mobility	 is	 defined	 as	 the	 shared	 use	 of	 a	 vehicle,	 bicycle	 or	 other	mode	 of	 transportation.	 It	 is	 an	 innovative	 transportation	 strategy	 that	 enables	users	to	gain	short-term	access	to	transportation	modes	on	an	“as-needed”	basis	[9].	A	 number	 of	 environmental,	 social,	 and	 transportation-related	 benefits	 have	 been	reported	 due	 to	 the	 use	 of	 various	 shared	mobility	modes.	 However,	 the	 benefits	have	 not	 been	 quantified	 in	 economic	 models	 to	 demonstrate	 social	 economic	benefits.	 Another	 concern	 is	 that	 market	 participants	 only	 consider	 the	 personal	benefits	 and	 costs	 in	 making	 their	 decisions;	 market	 outcomes	 (the	 aggregate	 of	individual	decisions)	will	not	be	socially	optimal.	This	is	the	classic	example	of	the	tragedy	of	the	commons.		
C. Regulation	and	policy:	The	mobility	service	adoption	catalystRegulation	is	a	rule	of	order	having	the	force	of	law,	prescribed	by	a	superior	or	competent	authority,	relating	to	the	actions	of	those	under	the	authority’s	control.	Regulations	can	encourage	or	discourage	innovation	and	technology	adoption	in	the	marketplace.	In	mobility	service	sector,	regulations	are	observed	at	different	levels:		
• In	the	automotive	industry,	regulations	directly	affect	the	way	cars	look,	howtheir	components	are	designed,	the	safety	features	that	are	included	and	theoverall	 performance	 of	 any	 given	 vehicle.	 For	 example,	 the	 CorporateAverage	Fuel	Economy	is	a	set	of	nationalized	standards	for	automotive	fuelefficiency	that	require	substantial	investment	from	automotive	companies	toensure	new	car	models	are	fuel-efficient	and	safe	[10].
• In	 mobility	 service	 marketplace,	 especially	 new	 forms	 of	 mobility	 service,
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regulations	directly	affect	the	operational	activities	and	geography	of	service	providers.	For	example,	Uber	and	Lyft	are	not	allowed	to	operate	 in	Austin,	TX	without	a	 fingerprint	security	check	system	due	to	 local	regulation	[11].	Another	 example	would	 be	 DriveNow,	who	 has	 been	 successful	 in	 Europe,	but	 stumbled	 in	 the	 San	 Francisco	market	 due	 to	 parking	 and	 car-sharing	regulations	[12].	
1.3	Problem	statement	Oblivious	 to	 the	 social	 economic	 impacts	 that	 are	 brought	 by	 adopting	different	technologies	 in	urban	mobility	service	sector	can	cause	further	economic	loss	and	exacerbate	urban	transportation	related	consequences.	Previous	research	has	 illustrated	 how	 transportation	 externalities	 can	 be	 quantified	 in	 different	transportation	 scenarios	 and	 used	 as	 a	 determinant	 in	 the	 regulatory	 process.	However,	it	has	not	been	shown	that	externalities	can	be	used	as	a	leading	indicator	for	 future	 technology	 adoption	 scenarios	 when	 multiple	 pathways	 are	 available.	This	 study	 will	 address	 this	 gap	 in	 the	 existing	 literature.	 The	 research	problem	 is	 therefore	 to	 investigate	 whether	 the	 external	 cost	 of	 new	 technology	adoption	pathways	can	be	quantified	before	implementation	and	used	as	a	leading	indicator	 to	 assist	 governments	 in	 making	 informed	 and	 socially	 efficient	regulations.		
1.4	Purpose	of	the	study	The	urban	mobility	demand	is	increasing	rapidly.	Researchers	have	proposed	different	 set	 of	 solutions	 that	 integrate	 alternative	 fuel	 technologies,	 self-driving	
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technologies	 and	 sharing	models	 to	 address	 the	 challenge.	 The	 simulation	 results	are	promising.	At	 the	 same	 time,	 industrial	partners	 from	diverse	background	are	pushing	 for	 technical	 and	 business	 innovations	 to	 capture	 the	 mobility	 services	marketplace.	The	 social	 economic	benefits	 that	 are	brought	by	 implementing	new	technologies	or	sets	of	technologies	have	not	been	quantified.			The	purpose	of	the	study	is	to	revise	the	externality	models	of	transportation	economics	 to	evaluate	 the	social	economic	 impact	of	different	possible	 technology	adoption	 pathways	 in	 the	 transition	 in	 urban	 mobility	 service	 sector	 before	implementation.	The	quantified	economic	impacts	in	the	parametric	study	can	assist	governments	 in	 making	 informed	 and	 socially	 efficient	 regulations	 for	 the	 P2S	transition.		
1.5	Significance	of	the	Study	Social	 impact:	 This	 study	 will	 quantify	 the	 economic	 impacts	 of	 multiple	technology	 adoption	 pathways	 on	 a	 societal	 level.	 This	 information	 may	 help	governments	form	more	informed	and	socially	aware	regulations.	Academic	impact:	By	creating	mathematical	models	for	externalities	related	to	 transportation	 economics,	 new	 technologies	 can	be	 evaluated	 for	 social	 benefit	prior	to	implementation.	
1.6	Conducting	the	study	The	 study	 cannot	 be	 contained	 in	 one	 academic	 field	 alone.	 The	 research	requires	knowledge	of	business,	micro-	and	macroeconomics	as	well	as	automotive	engineering.	Detailed	research	design	will	be	introduced	in	Chapter	3	and	Chapter	4.		
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1. Business:	 Understanding	 general	 industry	 developments	 and	 innovationmodels	help	build	a	framework	for	the	research.2. Automotive:	 Understanding	 selected	 disruptive	 technologies	 inside	 theautomotive	 industry	 helps	 demonstrate	 the	 most	 likely	 pathways	 in	 thetransition.3. Economics:	Quantifying	externality	models	in	the	transportation	sector	helpsevaluate	 potential	 outcomes	 or	 impacts	 when	 adopting	 a	 certain	 technicalpathway.
1.7	Thesis	structure	This	 thesis	 will	 build	 models	 to	 calculate	 the	 externalities	 of	 prospective	technology	 adoption	 pathways	 in	 the	 P2S	 transition.	 The	 results	 help	 OEMs,	researchers,	and	governments	understand	the	P2S	transition	from	a	quantified	cost-benefit	perspective.		The	thesis	is	structured	as	follows:	
• Chapter	 1	 presents	 the	 background	 of	 the	 problem,	 and	 introduces	 theoverview	of	the	thesis	study.
• Chapter	 2	 presents	 previous	 research	 related	 to	 the	 P2S	 transition	 in	 theautomotive	 industry.	 It	 introduces	 a	 range	 of	 literature	 from	 the	 fields	 ofbusiness	 innovation,	 automotive	 engineering,	 and	 transport	 economics	 togain	an	in-depth	understanding	of	the	P2S	transition.
• Chapter	 3	 formulates	 an	 innovation	 framework	 that	 can	 help	 industrypartners	 and	 researchers	 understand	 prospective	 technology	 adoption
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pathways	 in	 the	 P2S	 transition.	 The	 chapter	 follows	 the	 design	 process	 of	eight	 scenarios	 based	 on	 a	 resource-demand	 view	 of	 the	 framework.	 This	enables	further	research	on	the	externalities	in	the	transition.	
• Chapter	 4	 reviews	 externality	models	 for	 traffic	 congestion,	 human	 health,and	climate	 change.	The	chapter	also	 revises	externality	 cost	models	basedon	open	transport	data	in	urban	areas	of	the	U.S.	in	2013.
• Chapter	5	evaluates	and	analyzes	externalities	 in	mobility	 sharing	with	 ICEvehicles	and	mobility	sharing	with	EVs	scenarios.
• Chapter	6	evaluates	and	analyzes	externalities	in	automated	driving	with	ICEvehicles	and	automated	driving	with	EVs	scenarios





	 The	goal	of	calculating	the	externalities	of	each	technology	adoption	pathway	is	 to	 quantify	 and	understand	 the	benefits	 of	 each	 alternative	pathway.	There	 are	multiple	requirements	 for	a	viable	model	 for	externalities	as	related	to	technology	adoption.	 In	 order	 to	 fully	 identify	 a	 scenario,	 the	 following	 questions	 must	 be	addressed.		
• What	 are	 the	 internal	 changes	 and	 external	 pressures	 that	 lead	 to	 the	Product-to-Service	Transition	in	the	automotive	industry?	
• What	technologies	can	be	implemented	to	improve	the	current	situation?	
• How	will	the	technologies	be	delivered	to	the	consumers?	
• What	are	the	socioeconomic	impacts	of	each	technology	adoption	pathway?		 The	 research	 topic	 is	 plagued	 with	 uncertainty	 and	 the	 burden	 of	continuously	 changing	 technologies	 and	 innovation	 systems.	 	 	 As	 a	 result,	researchers	 are	 forced	 to	 establish	 boundary	 conditions	 and	 adopt	 models	 and	frameworks	 from	 multiple	 academic	 fields	 that	 allow	 them	 to	 account	 for	 the	necessary	factors	and	answer	research	questions	despite	these	uncertainties.		The	literature	review	section	is	structured	as	follows:		1. The	general	introduction	of	consequences	in	urban	metro	areas.			2. Automotive	 engineering	 –	 the	 technical	 specifications	 of	 disruptive	technologies	that	are	being	developed,	and	benefits	of	integrated	solutions	as	simulated	by	researchers.		
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3. Business	 innovation	 –	 frameworks	 and	 theories	 that	 can	 capture	 and	illustrate	possible	technology	adoption	pathways	in	the	transition.		4. Economics	 –	 social	 cost	 models	 that	 have	 been	 developed	 to	 quantify	external	cost	in	transportation	sector.	5. Review	of	existing	external	cost	models	and	categories.	The	requirements	for	moving	forward	will	be	presented.		
2.1	The	consequences	of	increasing	mobility	demands	in	urban	cities			 Increasing	 population	 and	 urban	 mobility	 demands	 in	 urban	 metro	 areas	challenge	current	mobility	 service	systems.	As	of	2015,	 there	are	37	megacities	 in	existence,	and	50%	of	the	world’s	population	lives	in	cities.	United	Nation	reported	that	 this	 figure	 is	 projected	 to	 increase	 to	 70%	 by	 2020	 [1].	 	 By	 the	 year	 2050,	people	live	in	urban	metro	are	projected	to	travel	67.1	trillion	passenger-kilometers	[2].	 Current	 mobility	 systems	 cannot	 match	 the	 rapidly	 increasing	 mobility	demands.	 The	major	 consequences	 of	 rapidly	 increasing	 urban	mobility	 demands	are	observed	as	follows:		
2.1.1	Time	and	financial	loss	from	traffic	congestion		 In	2014	traffic	congestion	caused	urban	Americans	to	travel	5.5	billion	hours	more	 than	necessary	and	 to	purchase	an	extra	2.9	billion	gallons	of	 fuel.	The	 total	congestion	 costs	 amounted	 to	 $121	 billion.	 Table	 1	 shows	 the	 congestion	 cost	 in	2014	in	detail,	and	projection	in	year	2020	[3].			
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Table	1:	United	States	national	congestion	cost	in	2014		 2014	 2020	National	congestion	cost	 $160	billion	 $192	billion	Delay	hours	 6.9	billion	 83	billion	CO2	produced	during	congestion	 59	billion	lbs.	 -	Wasted	fuel	 3.1	billion	gallons	 3.8	billion	gallon	Average	commute	per	year	 42	hours;	$960	 45hours;	$1,010	





2.2	Disruptive	technologies	and	integrated	mobility	services			 This	 section	will	 consolidate	 the	main	 technical	 findings	 from	research	and	present	them	as	individual	technologies	that	can	be	adopted	in	the	mobility	service	sector,	 followed	 by	 integrated	 solutions	 in	 simulations	 and	 the	 social	 benefits	 of	each.		





















C. The	use	of	big	data	–	optimized	system			 In	the	envisioned	urban	mobility	service,	the	technologies	cannot	stand	alone	to	 achieve	 the	 electric,	 automated	 driving	 and	 shared	 mobility	 service.	 All	 the	technologies	 are	 linked	 to	 the	 system	 or	 infrastructure	 to	 optimize	 the	 system’s	performance.	 In	 this	 context	 a	 data	 exchange	 would	 facilitate	 communication	
	 16	 1
between	transport	operators,	transport	providers,	transport	users,	and	third	party	applications.		
	Figure	2:	Open	data	exchange	opportunities	in	transport	sector		 Such	data	exchange	activities	could	provide	 insights	on	customer	behaviors	and	utility	usage	to	maximize	the	capacity	of	the	infrastructure.	Combine	the	linked	technologies	 with	 insights	 from	 big	 data	 to	 enable	 widespread	 car	 sharing,	 and	establish	a	intelligent	and	sufficient	transportation	system	[20].		 Figure	2.	Illustrates	the	data	exchange	activates	in	the	transportations	sector.	The	transport	users	experience	better	service	and	save	money	by	getting	accurate	transportation	 related	 data.	 The	 transport	 providers	 increase	 the	 number	 of	customers	 and	 decreases	 the	 infrastructural	 cost	 by	 maximizing	 the	 capacity	 of	mobility	 service.	 The	 data	 exchange	 activities	 also	 generate	 entrepreneurial	opportunities.		 McKinsey	 Global	 Institute	 also	 published	 a	 study	 to	 predict	 the	 value	generated	by	 the	use	of	open	data	 in	 the	 transport	 sector.	Based	on	 their	analysis	
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the	global	potential	economic	value	that	could	be	unlocked	through	the	use	of	open	data	 in	 the	 transportation	 sector	 is	 about	 $720	 billion	 to	 $920	 billion	 per	 year.		 Optimized	 fleet	 operations	 could	 enable	 as	 much	 as	 $370	 billion	 a	 year.	Improved	 infrastructure	 planning	 and	 management	 and	 improved	 consumer	decision	making	can	each	lead	to	value	of	as	much	as	$280	billion	per	year	[21].	
Figure	3:	Overview	of	open	data	related	market	
2.2.2	Integrated	mobility	service	solutions			 This	section	 is	going	to	 introduce	simulations	proposed	 in	various	research	papers	to	emphasize	the	benefits	of	disruptive	technology	adoption	in	the	Product-to-Service	Transition.				 Literature	 in	 the	 field	 proposes	 an	 optimized	 urban	 mobility	 system	 as	electrified,	 automated,	 connected	 and	 shared	 mobility-sharing	 service.	 The	researcher	reviewed	a	 list	of	 literature	that	 illustrates	the	impacts	of	an	optimized	mobility	service	from	different	perspectives.		
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• Boston	Consulting	Group	used	 the	automated	driving	and	shared	 taxi	as	an	example	 to	 emphasize	 the	 significantly	 lower	 cost	 of	 this	 mobility	 service	compared	to	conventional	taxi	services.	
• A	Singapore	study	simulated	 the	result	of	 the	reduced	national	 fleet	 size	 to	1/3	 of	 registered	number	 if	 all	 individual	 owned	 conventional	 vehicles	 are	replaced	with	shared	automated	vehicles.	







• With	a	fleet	of	100%	shared	self-driving	vehicles,	a	ride	sharing	model	could	reduce	 the	 fleet	 size	 to	 10.4%	 -	 12.8%	 of	 current	 size	 based	 on	 the	 public	transportation	capacity	
• With	a	 fleet	of	100%	shared	self-driving	vehicles,	a	car	sharing	model	could	reduce	 fleet	 size	 to	 16.8%	 -	 22.8%	 of	 current	 size	 based	 on	 the	 public	transportation	capacity	















2.3.1	Path	dependency	theory			 Path	 dependency	 occurs	 in	 an	 economic	 system	 when	 a	 “sequence	 of	economic	changes	is	one	of	which	important	influences	upon	the	eventual	outcome	can	 be	 exerted	 by	 temporally	 remote	 events,	 including	 happenings	 dominated	 by	chance	 elements	 rather	 that	 systematic	 forces.	 A	 key	 characteristic	 of	 path	dependencies	 is	 that	 history	 is	 important	 in	 the	 actual	 development	 of	 their	economics	[24].		 In	 the	 Product-to-Service	 Transition,	 technology	 adoption	 pathways	 are	illustrated	to	help	identify	the	leading	indicators	and	capture	possibilities,	but	not	to	predict	the	future.				 Path	 dependent	 processes	 occur	 because	 of	 the	 network	 effect	 -	 when	 the	benefit	 of	 consuming	 a	 good	 or	 adopting	 a	 technology	 varies	 directly	 with	 the	number	of	others	who	consume	the	good	or	adopt	 the	 technology	 [25].	Consumer	preferences	are	also	a	factor	that	could	influence	the	pathway	by	adopting	different	technologies	at	varying	rates.			 The	customary	 interpretation	of	path	dependencies	resulting	 from	network	effects	is	that	they	pose	externalities	that	result	in	a	lock-in	of	inferior	technologies,	which	 prevents	market-based	 economies	 from	 evolving	 toward	 the	most	 efficient	technologies.			There	are	three	degrees	of	path	dependence:	
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• First	 degree	 path	 dependence	 is	 a	 simple	 assentation	 of	 an	 intertemporal	relationship,	with	no	implied	claim	of	inefficiency	
• Second-degree	 path	 dependence	 stipulates	 that	 intertemporal	 effects	propagate	error	
• Third-degree	 path	 dependence	 requires	 not	 only	 that	 the	 intertemporal	effects	propagate	error,	but	also	that	the	error	was	avoidable		 Path	 dependence	 theory	 does	 not	 offer	methods	 to	 predict	 the	 future,	 but	indicates	 that	 different	 pathway	 adoptions	 lead	 to	 different	 market	 results.		Therefore,	 capturing	 the	 trends	of	possible	 adoption	pathways	 and	evaluating	 the	economic	 benefits	 of	 each	 pathway	 help	 understand	 the	 transition	 from	 a	quantitative	perspective.			
2.3.2	Complex	adaptive	system		 A	complex	adaptive	system	is	a	collection	of	individual	agents	who	have	the	freedom	to	act	 in	ways	that	are	not	completely	predictable,	and	whose	actions	are	interconnected	 such	 that	 one	 agent’s	 actions	 change	 the	 context	 for	 other	 agents	[26].			 An	 innovation	ecosystem	is	understood	as	a	smart	system	that	 is	explained	by	the	characteristics	of	complex	adaptive	systems	[27].	Many	researchers	struggle	to	 bridge	 the	 gap	 between	 a	 conceptual	 understanding	 of	 the	 innovation	 process,	and	 informed	debates	 and	 investments	 in	 policy	 and	 implementation	 arenas	 [28].	Nevertheless,	 the	 topic	 of	 complex	 systems,	 with	 all	 its	 seductive	 traps	 for	conceptual	 musing,	 still	 needs	 to	 rise	 to	 the	 challenge	 of	 demonstrating	 what	practical	value	it	can	bring	to	mainstream	development	policy	and	practice.	For	the	
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P2S	 transition,	 policy	 needs	 to	 engage	 with	 complexity.	 It	 needs	 to	 focus	 on	strengthening	 capacities	 and	 processes	 in	 order	 to	 better	 cope	 with	 unforeseen	change	and	innovation	capacity.	The	understanding	of	complex	adaptive	systems	at	a	 conceptual	 level	 helps	 understand	 the	 regulation-making	 process	 for	 identified	technologies	in	the	P2S	transition.		The	essence	of	systems	thinking	can	be	summarized	in	the	following	way:	1. A	system	is	defined	as	an	entity	made	up	of	interconnected	elements,	and	has	a	boundary,	which	separates	the	inside	from	the	environment.	2. Complex	 adaptive	 systems’	 behaviors	 cannot	 be	 understood	 solely	 by	formal	 analysis	 of	 the	 constituent	 parts.	 Instead	 they	 have	 to	 be	understood	as	whole	entities	with	their	own	idiosyncratic	properties.	3. Complex	 adaptive	 systems	 are	 evolutionary.	 They	 should	 be	 seen	 as	 a	series	of	unpredictable	responses	to	events	where	a	critical	role	is	played	by	feedback	mechanisms.			 Complex	adaptive	systems	help	understand	the	P2S	transition	at	an	intuitive	and	 conceptual	 level.	 Surprising	 and	 innovative	 ideas	 can	 emerge	 from	unpredictable	corners	of	a	complex	system	that	fosters	diverse	relationships	among	the	parties	within	the	system.			
2.3.3	Innovation	framework	and	systems		 Literature	 in	 the	 previous	 section	 showed	 that	 the	 importance	 of	 the	technology	 adoption	 pathway	 taken	 in	 the	 Product-to-Service	 Transition.	 This	section	will	introduce	different	forms	of	innovation	frameworks	that	are	being	used	in	the	automotive	industry	to	help	identify	possible	technology	pathways.		
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	Figure	5:	Overview	of	Apple's	innovation	ecosystem	[32]		 Literature	on	 innovation	 systems	and	 frameworks	 is	not	well	 structured	 in	academia	 due	 to	 the	 difficulties	 of	 evaluating	 returns	 on	 investment	 and	 the	efficiency	of	such	a	network.	However,	the	innovation	ecosystem	theory	has	proved	to	 work	 well	 in	 complex	 transitions	 like	 the	 Product-to-Service	 Transition.	 The	important	gains	in	the	innovation	framework	literature	review	chapter	are	listed:	
• Innovation	ecosystem,	especially	platform	innovation	framework	captures	a	complex	 marketplace	 that	 can	 engage	 a	 variety	 of	 industrial	 partners	 and	entrepreneurs.	
• Formulating	 a	 theoretical	 innovation	 framework	 for	 the	 Product-to-Service	Transition	 at	 the	 resource	 level	 can	 illustrate	possible	 technology	 adoption	pathways	in	the	transition.	
• Both	 collaboration	 and	 competition	 will	 be	 observed	 in	 every	 innovation	framework,	 and	 among	 parallel	 frameworks.	 Parallel	 frameworks	 in	 this	
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scenario	 are	 defined	 as	 those	 innovation	 frameworks	 that	 are	 trying	 to	achieve	and	deliver	optimized	mobility	service	at	a	system	level.	
2.4	Social	costs	models	that	have	been	developed	in	transportation	sector			 In	 previous	 literature	 reviews	 we	 have	 learned	 how	 to	 illustrate	 a	 new	marketplace	 and	 capture	possible	 pathways	by	 forming	 the	 innovation	 ecosystem	from	 a	 resource-based	 view.	 The	 literature	 review	 in	 this	 section	 will	 focus	 on	quantifying	 economic	 models	 that	 can	 evaluate	 social	 impact	 in	 transportation	scenarios.		
2.4.1	External	cost	of	urban	transportation	-	key	concepts		
A. The	concept	of	externalities		 In	economics,	an	externality	is	the	cost	or	benefit	that	affects	a	party	who	did	not	 choose	 to	 incur	 that	 cost	 or	 benefit	 [33].	 Road	 transport	 imposes	 negative	externalities	on	society,	including	congestion	related	costs,	environmental	and	road	damage,	accident	costs,	and	oil	independence.			 An	 efficient	 equilibrium	 is	 defined	 as	 a	 situation	 in	 which	 marginal	 social	costs	 are	 equal	 to	 marginal	 social	 benefits.	 	 Externalities	 are	 a	 form	 of	 market	failure,	 which	 means	 that	 the	 market	 is	 incapable	 of	 reaching	 an	 efficient	equilibrium	[34].		 An	 efficient	 urban	mobility	 system	must	 take	 into	 account	 the	 true	 cost	 of	transportation.	 A	 novel	 method	 to	 calculate	 urban	 mobility	 service	 externalities	would	help	quantify	and	understand	the	social	impacts	of	new	technology	adoption	in	 advance.	 A	 resource-linkage	 based	 innovation	 framework	 is	 also	 needed	 to	
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illustrate	the	market	tendency	under	natural	technical	push	and	consumer	pull,	and	to	advise	policy	makers	to	internalize	the	external	social	costs.		
B. Scope	and	categories	of	social	cost			 The	external	costs	of	transportation	are	neither	paid	by	producers	nor	users,	and	 hence	 are	 not	 taken	 into	 account	 when	 the	 participants	 in	 transportation	system	make	decisions.	Internalization	of	external	costs	through	the	use	of	market-based	 instruments	 is	 generally	 regarded	 as	 an	 efficient	 way	 to	 limit	 the	 negative	side	effects	of	transportation	[35].	In	order	to	define	external	costs	properly,	it	is	important	to	distinguish	among:	
• Internal	 costs	 –	Directly	 imposed	 by	 the	 transportation	 user,	 such	 as	wear	and	tear	on	the	vehicle,	the	energy	cost	of	use,	own	time	costs,	transportation	fares	and	transportation	taxes	and	charges.		
• External	costs	–	Costs	that	are	borne	by	other	decision	makers.		



















































B. Procedures	–	Top	down	and	bottom	up	approach			 Top	 down	 approaches	 use	 average	 national	 data	 to	 illustrate	 the	 average	cost.	 Such	 approaches	 are	 more	 representative	 on	 a	 general	 level,	 allowing	comparisons	 between	 modes.	 Bottom	 up	 approaches	 consider	 specific	 traffic	
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	 		 Many	researches	have	been	done	 in	 transportation	externality	area	at	both	micro-level	and	macro-level.	Macro-level	studies	 focus	on	 formulating	cost	models	to	 calculate	 the	 externality	 of	 certain	 transportation	 scenario	 and	 inform	 policy	makers	with	findings.	Micro-level	studies	focus	on	methods	to	calculate	unit	cost	of	variables	in	transportation	externalities.	Policy	makers	have	been	using	externality	as	an	indicator	of	regulation	making	process	for	existing	technologies.	However,	no	studies	 have	 focused	 on	 integration	 of	 externality	 cost	 and	 future	 technology	adoption	scenarios,	especially	 in	urban	mobility	service	sector.	There	is	a	need	for	using	 externality	 concept	 to	 quantify	 future	 technology	 adoption	 pathways	 in	mobility	service	sector.		
2.5	Conclusions			 Previous	 studies	 that	 could	 be	 used	 to	 understand	 the	 P2S	 transition	 have	not	 been	 carried	 out	 into	 quantifying	 solutions.	 The	 studies	 have	 illustrated	technology	 adoption	 trends,	 but	 pathways	 taken	 to	 the	 future	 are	 uncertain.	 In	particular,	 the	 socioeconomic	 impact	 made	 by	 adopting	 a	 certain	 pathway	 is	 not	quantified.		Important	findings	from	the	literature	review:	
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• The	 consequences	 of	 increasing	 urban	 mobility	 demands	 include	environmental	damage	and	financial	loss	to	both	individual	users	and	society.	The	current	mobility	system	and	physical	resources	are	not	able	to	address	future	mobility	demands	sufficiently	
• Industry	 partners	 are	working	 on	 alternative	 fuels,	 automated	 driving	 and	mobility	 sharing	 technologies	while	 researches	have	 simulated	 the	 impacts	of	integrated	mobility	services	at	the	system	level	
• Path	 dependency	 theory	 introduces	 the	 importance	 of	 the	 pathway	 taken,	and	 market	 lock-in	 effect	 in	 industry	 transitions	 like	 the	 P2S	 transition.	Building	 an	 Innovation	 Ecosystem	 at	 the	 resource	 level	 provides	 a	framework	to	capture	possible	pathways	in	a	descriptive	way.		
• Externalities	 in	 the	 transportation	 sector	 quantify	 social	 external	 costs	 in	certain	 transportation	 scenarios.	 The	 quantified	 externalities	 assist	 the	regulatory	process	 for	new	 technologies.	The	concept	has	not	been	applied	on	the	P2S	transition	in	urban	mobility	service	sector	previously.	




	 Previous	 research	 indicates	 the	 possibility	 of	 positive	 social	 impact	 when	implementing	 electric	 vehicles,	 automated	 driving	 and	 shared	 urban	 mobility	services.	 However,	 none	 have	 quantified	 economic	 results.	 In	 the	 short	 term,	industry	 partners	 encourage	 consumers	 to	 adopt	 innovations	 that	 can	 optimize	performance	 of	 individual	 owned	 vehicle	 in	 an	 incoherent	 way.	 In	 the	 long-term	mathematical	models	 that	 can	 evaluate	 technology	 adoption	pathways	 in	mobility	service	 sector	 will	 be	 critical	 in	 maximizing	 the	 potential	 social	 improvement	 of	technology	 adoption.	 	 The	 innovation	 framework	 at	 a	 resource-based	 view	 level	helps	capture	possible	technology	pathways.		The	structure	of	this	chapter	is	as	follows:		
• Section	 3.1	 describes	 the	 requirements	 for	 framework	 based	 on	 evidence	collected	in	Chapter	2.	
• Section	 3.2	 proposes	 an	 innovation	 platform	 at	 a	 system	 level	 and	 a	framework	that	captures	the	innovation	tendencies	in	the	P2S	transition.	
• Section	3.3	demonstrates	quantifiable	scenarios	within	the	framework.	
3.1	Requirements	and	goals	for	Framework			 There	 are	 a	 variety	 of	 possible	 technology	 adoption	 pathways	 in	 the	 P2S	transition	due	 to	 changing	dynamics	 in	both	 technology	and	 the	marketplace.	The	
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framework	 serves	 to	 capture	 the	 tendencies	 of	 pathways	 for	 further	 quantifying	studies.		The	goals	of	the	framework:	
• To	illustrate	a	resource-based	framework	to	capture	urban	mobility	market	trends	
• To	 demonstrate	 technical	 innovations,	 and	 consumer	 demand	 shifts	 in	 the	transition	
• To	describe	a	system-level	solution	that	 integrates	a	set	of	 innovations,	and	the	ability	to	adopt	continuous	innovation		
3.2	A	framework	for	the	P2S	transition			 In	 this	chapter	we	will	propose	a	 framework,	which	enables	analysis	of	 the	pathways	 needed	 to	 integrate	 technical	 innovations	 (electrical	 propulsion	technology,	 automated	 driving	 technology)	 and	 consumer	 behavior	 (mobility	sharing)	into	one	coherent	system-level	solution.	The	framework	suggests	partners	and	governments	with	future	market	directions,	and	identifies	technology	adoption	pathways.		
3.2.1	Resource-Demand	view	of	mobility	market	and	the	framework	for	P2S	transition		 This	 section	will	 introduce	 a	 view	of	 the	mobility	market	 from	a	 resource-demand	 perspective.	 This	 view	 helps	 understand	 the	mobility	marketplace	 better	due	to	the	capability	of	recombining	resources	to	offer	different	forms	of	services.		
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	 Externalities	 are	 costs	 or	 benefits	 arising	 from	 an	 economic	 activity	 that	affect	somebody	other	than	the	people	engaged	in	the	economic	activity	and	are	not	reflected	fully	in	prices.	In	Chapter	2,	all	categories	of	externalities	were	reviewed.	The	congestion,	human	health	and	environment	impact	related	externalities	are	the	ones	 will	 be	 considered	 due	 to	 attributes	 of	 considered	 technologies,	 and	 data	availability.		The	chapter	follows	the	general	structure:		
• General	 literature	 review,	 procedure	 review	 and	 cost	 function	 review	 in	selected	externality	categories		
• Review,	compare	and	select	unit	cost	of	variables	in	selected	cost	models		
• Revise	selected	cost	models	based	on	open	traffic	data	in	urban	areas	in	the	United	States	
• Apply	 revised	models	 into	 baseline	 scenario,	 and	 calculate	 externalities	 in	traffic	congestion,	human	health	and	climate	change	in	2013	
4.1	Congestion	externalities			 Congestion	externalities	arise	as	a	 result	of	user	effects	on	a	 road	network.	The	user’s	decision	to	use	the	network	to	drive	from	a	point	A	to	point	B	impacts	the	utility	of	 the	same	network	capacity	 for	all	other	users.	The	external	costs	 include	
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opportunities	 foregone	 due	 to	 travel	 delays,	 the	 discomfort	 of	 crowding,	 and	 the	impact	of	travel-time	uncertainty	on	the	reliability	of	arrival	and	delivery	times.			 At	the	simplest	level,	congestion	delay	costs	on	the	road	are	equal	to	hours	of	delay	multiplied	by	the	value	of	opportunities	 foregone	during	an	hour	of	 the	day.	Hours	 of	 delay	 are	 estimated	 on	 the	 basis	 of	 the	 difference	 between	 the	 average	speed	 in	 a	 baseline	 travel	 situation	 and	 the	 average	 speed	 in	 a	 scenario	 with	increased	travel;	this	difference	in	turn	is	based	on	empirical	relationships	between	average	 speed	 and	 travel	 volume,	 which	 in	 the	 case	 of	 road	 traffic	 can	 be	 fairly	complex.			 There	is	much	confusion	among	practitioners	as	well	as	in	some	parts	of	the	literature	as	to	whether	the	external	costs	defined	above	can	really	be	regarded	as	external.	It	is	sometimes	argued	that	road	vehicle	users	only	exert	a	negative	effect	on	other	road	vehicle	users.	Hence,	as	road	vehicle	users	do	not	affect	the	utility	of	no-road	vehicle	users,	they	should	not	pay	for	the	negative	effects	just	described.	A	market	tends	to	overproduce	when	decision	makers	only	care	about	own	benefits.		 This	 type	 of	 argument	 confuses	 the	 issues	 of	 fairness	 and	 efficiency.	 The	impact	that	vehicle	usage	has	on	the	speed	of	other	vehicles	leads	to	inefficiency	in	the	use	of	scarce	road	capacity	due	to	the	tragedy	of	the	commons.	Therefore,	any	positive	 (very	 rare	 in	 transportation)	 or	 negative	 impacts	 on	 others	 that	 are	 not	internalized	 or	 paid	 in	 equivalent	 monetary	 payments	 leads	 to	 an	 inefficient	transport	system	due	to	the	overconsumption	of	common	resources.				
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Levinson	et	al.	(1998)	e	 1.41/vmt;	0.88/pmt	*	tm	=	ton-mile;	vmt	=	vehicle-mile	of	travel;	pmt	=	passenger-mile	of	travel		a. Using	forecasted	year	2000	congestion	costs	due	to	trucks	of	$5.0	billion	(year	 -1994$)	 and	198,789	million	 vehicle	miles	 for	 trucks	 reported	by	FHWA	assumes	a	14.8-ton	average	payload	and	estimates	$0.0022	per	tm	(year	 2006$).	 However,	 Gorman’s	 payload	 estimate	 implies	 an	unrealistically	 high	 2,942	 billion	 ton-miles	 for	 trucks	 in	 2000.	 Using	 an	estimate	of	1,203	billion	ton-miles	for	all	trucks	(Dennis,	2004),	Delucchi	estimated	$0.0054	per	tm	(year	2006$).	b. Lemp	 and	 Kockelman	 (2008)	 use	 a	 formula	 that	 predicts	 delay	 as	 a	function	 of	 traffic	 volume,	 estimates	 of	 differences	 in	 delay	 caused	 by	different	 vehicle	 types,	 and	 an	 assumption	 that	 travel	 time	 costs	$8/vehicle-hour.	The	estimates	appear	to	be	in	vehicle-miles	of	travel	in	
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year	 2006	 dollar.	 I	 converted	 to	 PMT,	 assuming	 1.6	 passengers	 per	vehicle	(U.S.	DOT,	2008,	Table	4-22)	c. Parry	et	al.	(2007)	report	FHWA’s	(2000)	estimate	of	the	“weight-average”	marginal	external	delay	cost	at	5	cents	per	passenger	mile”.	According	to	Parry	et	 al.,	 FHWA	estimated	marginal	 external	 costs	 for	 representative	urban	and	rural	roads	at	different	times	of	day,	and	then	weighted	each	estimate	by	 its	share	of	 total	VMT.	The	estimate	 is	 in	terms	of	cents	per	vehicle-mile,	 the	 conversion	 of	 passenger-mile	 of	 travel	 is	 also	 listed	 in	the	table,	assuming	1.6	passengers	per	vehicle	(U.S.	DOT,	2008).	d. Delucchi	estimates	low	and	high	external	delay	costs	on	the	basis	of	low	and	high	assumptions	regarding	the	value	of	travel	time	by	trip	purpose,	delay	by	trip	purpose,	and	other	factors.	e. The	 estimate	 from	 Levinson	 et	 al.	 (1998)	 appears	 to	 be	 in	 year	 1995	dollar.	Both	pmt	and	vmt	estimates	are	listed.			
4.1.2	Externalities	in	traffic	congestions	for	baseline	scenario			 Gorman’s	method	to	calculate	 the	urban	congestion	related	external	cost	of	freight	 transportation,	 and	 Lemp’s	 method	 to	 calculate	 urban	 congestion	 related	external	cost	of	light	duty	vehicles	are	adopted	and	revised	in	the	research.			 The	previous	studies	did	not	distinguish	the	urban	miles	traveled	by	different	type	of	vehicles,	although	different	type	vehicles	generate	different	level	of	external	costs	in	urban	congestion.		
	 44	 4









2006	 1,900	 96.12%	 122	 6.18%	 1,977	
2007	 1,891	 94.85%	 129	 6.47%	 1,995	
2008	 1,856	 93.60%	 134	 6.77%	 1,983	
2009	 1,823	 92.37%	 139	 7.09%	 1,975	
2010	 1,807	 91.15%	 147	 7.42%	 1,982	
2011	 1,774	 89.95%	 153	 7.76%	 1,972	
2012	 1,768	 88.76%	 161	 8.12%	 1,992	
2013	 1,792	 87.59%	 174	 8.50%	 2,046		
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	Figure	7:	Urban	miles	traveled	by	vehicle	type	












2006	 0.0022	 122,270	 3,981	
2007	 0.0023	 129,078	 4,394	
2008	 0.0024	 134,298	 4,770	














2010	 0.0024	 147,005	 5,222	
2011	 0.0025	 153,035	 5,662	
2012	 0.0025	 161,772	 5,986	
2013	 0.0025	 173,891	 6,434		
	Figure	8:	Congestion	externality	of	HDVs	in	urban	areas	
4.1.3	Model	redefine	-	Urban	external	congestion	cost	by	LDV	
A. Proposed	model			 Lemp	 and	 Kockelman	 used	 a	 formula	 that	 predicts	 delay	 as	 a	 function	 of	traffic	 volume,	 estimates	 of	 differences	 in	 delay	 caused	 by	 different	 vehicle	 types,	and	estimate	the	delay	cost	by	vehicle	types.	The	formula	is	listed	as	follow:		
























































Year	 Cars	 Vans	 SUVs	 Pickups	 PCE	
2006	 52.92%	 7.72%	 24.88%	 14.49%	 1.106	
2007	 52.91%	 5.55%	 27.71%	 13.83%	 1.105	
2008	 52.66%	 5.68%	 28.75%	 12.91%	 1.106	
2009	 60.51%	 3.95%	 24.92%	 10.62%	 1.088	
2010	 54.50%	 5.03%	 28.99%	 11.49%	 1.103	
2011	 47.72%	 4.34%	 35.62%	 12.32%	 1.117	
2012	 54.91%	 4.92%	 30.08%	 10.09%	 1.103	
2013	 53.80%	 3.95%	 31.64%	 10.62%	 1.104		
2006 2007 2008 2009 2010 2011 2012 2013
Pickups 2,188	 2,113	 1,794	 989	 1,276	 1,479	 1,357	 1,525	
SUVs 3,757	 4,234	 3,996	 2,321	 3,220	 4,276	 4,042	 4,547	
Vans 1,166	 847	 790	 368	 559	 521	 661	 568	
































𝑇𝑟𝑎𝑣𝑒𝑙	𝑡𝑖𝑚𝑒	𝑖𝑛𝑑𝑒𝑥 = 𝐶𝑜𝑛𝑔𝑒𝑠𝑡𝑒𝑑	𝑡𝑟𝑎𝑣𝑒	𝑡𝑖𝑚𝑒𝐹𝑟𝑒𝑒	𝑡𝑙𝑜𝑤	𝑡𝑟𝑎𝑣𝑒𝑙	𝑡𝑖𝑚𝑒 	
Equation	3:	Travel	time	index	formula	𝑝 = 1 − 1𝑇𝑟𝑎𝑣𝑒𝑙	𝑇𝑖𝑚𝑒	𝐼𝑛𝑑𝑒𝑥	
Equation	4:	Congested	condition	formula		Therefore,	in	year	2013	











































The	original	formula	proposed	is:	𝐶𝐶 = 𝑡𝑓 ∙ 𝛼 ∙ 	 [ 𝑉𝑜𝑙 + 𝑃𝐶𝐸𝐶𝑎𝑝 ? − 𝑉𝑜𝑙𝐶𝑎𝑝 ?] ∙ 𝑉𝑜𝑙 ∙ 𝑉𝑂𝑇𝑇 ∙ 𝑝	
Equation	5:	Unit	congestion	cost	of	LDV		 PCE	 value	 is	 defined	 based	 on	 the	 auto	 sales	 data	 in	 the	 United	States	from	2006	–	2013.	The	average	PCE	value	is	1.1;	average	p	value	is	 0.1718,	 tf	 remains	 1.5;	 α	 and	 β	 are	 assumed	 to	 be	 0.84	 and	 5.5	respectively.	Therefore,	the	formula	is	revised	as:	


























2006	 1.106	 16.72	 5.016	 0.1736	 0.084	
2007	 1.105	 17.41	 5.223	 0.1736	 0.087	
2008	 1.106	 18.04	 5.412	 0.1736	 0.091	
2009	 1.088	 18.56	 5.568	 0.1667	 0.088	
2010	 1.103	 19.03	 5.709	 0.1667	 0.092	
2011	 1.117	 19.42	 5.826	 0.1736	 0.099	
2012	 1.103	 19.72	 5.916	 0.1736	 0.099	














2006	 160	 4.0	 164.0	
2007	 165	 4.4	 169.4	
2008	 169	 4.8	 173.8	
2009	 160	 4.8	 164.8	
2010	 166	 5.2	 171.2	
2011	 176	 5.7	 181.7	
2012	 175	 6.0	 181.0	





















4.2	General	Introduction	of	Health	Impacts		 All	 transportation	 modes	 emit	 significant	 qualities	 of	 air	 pollutants.	 Road	transport	is	responsible	for	the	emission	of	nitrogen	oxides,	sulphur	dioxide,	volatile	organic	compounds,	carbon	monoxide,	lead	and	particulate	matter	with	a	diameter	of	less	than	10	µm.		The	air	pollutants	affect	human	health	in	a	variety	of	ways.	The	cost	of	 these	health	effects	 is	one	of	 the	 largest	 external	 costs	 in	 transport	 sector.	The	effects	of	these	pollutants	form	the	subject	of	a	large	number	of	studies.		




























• The	 first	 step	quantifies	 the	burden	of	pollutant	emissions	by	using	vehicle	emission	factors	and	the	traffic	data,	e.g.	vehicle-miles	traveled	in	urban	area.	
• The	 dispersion	 of	 the	 pollutants	 around	 the	 source	 is	 modeled	 using	atmospheric	dispersion	models,	which	are	very	complex	and	are	not	typically	publicly	available.	
• The	 exposure	 assessment	 therefore	 relates	 to	 the	 population	 and	 the	ecosystem	 being	 exposed	 to	 the	 air	 pollutant	 emissions.	 Spatially	 detailed	information	 on	 population	 density	 must	 be	 available	 to	 allow	 proper	assessment.	
• The	impacts	of	transport	air	pollutant	emissions	are	highly	location-specific	and	depend	on	many	factors	such	as	the	local	traffic	conditions.	The	impacts	
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caused	 by	 the	 emissions	 are	 determined	 by	 applying	 so-called	 exposure	response	 functions	 that	 relate	 changes	 in	 human	 health	 and	 other	environmental	 damages	 to	 unit	 changed	 in	 ambient	 concentration	 of	pollutants.	
• The	 damage	 step	 is	 to	 evaluate	 the	 impacts	 of	 emissions	 on	 humans	 and	ecosystem	 in	 monetary	 values.	 The	 step	 is	 based	 on	 valuation	 studies	assessing	the	willingness	to	pay	for	reduced	health	risks.		 The	 European	 Union	 approach	 requires	 massive	 complex	 data	 and	models.	 The	 steps	 of	 IPA	model	 demonstrates	 the	 clearly	 logic	 to	 evaluate	 the	impacts	of	emission	on	human	health.	The	approaches	and	unit	cots	of	pollutants	in	the	U.S.	handbook	will	be	reviewed	in	the	following	section.	
4.2.2	Approach	proposed	in	the	U.S.	handbook	2006	
A. General	procedures		 To	 quantify	 the	 health	 impacts	 of	 air	 pollutants	 due	 to	 motor	 mobile	emissions	 from	 transportation	 activities,	 researches	 have	 proposes	 the	 detailed	procedure	in	four	steps	[50]:	1) Estimation	 the	 relationship	between	 changes	 in	 transportation	 activity	 and	changes	in	emissions	of	air	pollution	2) Estimate	 the	 relationship	between	changes	 in	emissions	and	changes	 in	air	quality;	 this	 can	 be	 done	 with	 sophisticated	 3-dimensional	 atmospheric	chemistry	models,	or,	more	crudely,	with	simple	functions	relating	air	quality	to	emissions	
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1977	car:	3.51/vmt;	5.61/pmt	Tier	II	car:	0.15/vmt;	0.24/pmt	ULEV:	0.13/vmt;	0.21/pmt	2000	HDDT:	8.08/tm		 a. COBRA	 refers	 to	 the	 Co-benefits	 Risk	 Assessment	 (COBRA)	 Screening	model	 (Abt	 Asssociates,	 2006).	 COBRA	 estimates	 the	 value	 of	 health	damages	due	to	changes	in	fine	particulate	matter	(PM)	air	quality	due	to	changes	 in	 emission	 in	 PM	 precursors,	 including	 SO2,	 NO2,	 and	 NH3.	“Built	into	COBRA	are	emission	inventories,	a	simplified	air	quality	model,	health	impact	equations,	and	economic	valuations	ready	for	use,	based	on	assumptions	 that	 EPA	 currently	 uses	 as	 reasonable	 best	 estimates”	Estimates	are	in	2006	dollars.		b. Lemp	and	Kockleman	multiply	vehicle	emission	rates,	which	the	authors	get	 from	 U.S.	 EPA	 emission	 indices,	 by	 unit	 health	 damage	 costs	 from	Ozbay	 and	 Berechman,	 for	 specific	 models	 of	 light-duty	 vehicles.	 The	variation	 is	 due	 to	 different	 emission	 levels	 for	 different	 vehicles.	Estimates	appear	to	be	in	year	2006	dollars.	c. Parry	reports	the	estimate	in	year	2005	dollars	d. Zhang	calculated	the	increases	in	mortality	and	morbidity	case	due	to	the	change	 in	 the	 concentration	 of	 each	 pollutant,	 and	 then	 estimated	 the	monetary	 valuation	 of	 different	 impacts	 due	 to	 air	 pollution.	 The	estimates	are	in	2002	Canadian	dollars.			
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a. Particulate	Matter		 Particulate	matter	(PM)	is	a	heterogeneous	mix	of	solid	or	liquid	compounds,	is	regarded	by	some	as	the	most	damaging	air	pollutant	to	human	health	(McCubbin	and	Delucchi	1999).	 Studies	have	 shown	 that	 the	 concentration	of	PM	 in	 the	 local	atmosphere	 is	 positively	 correlated	 to	 mortality.	 The	 inhalation	 or	 particulate	matter	can	cause	respiratory	problems.			 In	the	literature	PM	is	classified	according	to	its	size.	The	three	most	widely	used	 are	 Total	 Suspended	 Particulate	 (TSP),	 PM2.5	 and	 PM10.	 TSP	 includes	 air-borne	particles	 (aerosols)	of	various	dimensions	(from	hundreds	of	microns	up	 to	tens	 of	 microns)	 and	 weight;	 PM2.5	 and	 PM10	 include	 all	 particles	 with	 an	aerodynamic	 diameter	 less	 than	 2.5and	 10	 micrometers,	 respectively.	 McCubbin	and	 Delucchi	 (1999)	 considered	 that	 particulates	 larger	 than	 10	 microns	 are	generally	 not	 harmful	 to	 human	 health.	 Hence,	 this	 study	 will	 not	 use	 TSP	 as	 a	measure	of	particulate	matter.		
b. Ozone			 The	damage	caused	by	VOCs	and	Nitrogen	Oxides	is	mainly	evident	through	the	 formulation	of	Ozone.	Ozone	 is	not	 emitted	by	vehicles	but	 is	 formed	 through	chemical	reaction	among	nitrous	oxides	(NOx),	VOCs	and	some	other	compounds	in	the	 atmosphere.	 Strong	 evidence	 shows	 that	 ozone	 is	 linked	 to	 several	 adverse	morbidity	 effects.	 McCubbin	 and	 Delucchi	 cited	 epidemiological	 studies	 that	 the	health	effects	include	eye	irritation,	asthma	stacks,	and	other	acute	lower	ad	upper	respiratory	symptoms.		
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	 	 Low	 High	 Low	 High	
PM	2.5	 PM	2.5	 14.81	 225.36	 25.33	 385.46	
PM	2.5	-	10	 PM	2.5	-	10	 9.09	 23.89	 15.55	 40.86	
NOx	 Total	 1.59	 23.34	 2.72	 39.92	
VOC	 Organic	PM10	 0.13	 1.45	 0.22	 2.48	





























PM	2.5	 PM	2.5	 205.40	 1,715.12	 404.35	 5,569.04	 7,688.51	
PM	2.5	-	10	 PM	2.5	-	10	 28.20	 252.74	 64.36	 829.06	 1,146.15	
NOx	 NOx	 21.32	 30,090.26	 2,779.58	 24,647.11	 57,516.95	
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VOC	 Organic	PM10	 1.35	 2,845.43	 95.88	 81.07	 3,022.38	
















4.3	Climate	changing	externality	in	transport	economics			 Climate	 change	 induces	 by	 worldwide	 greenhouse	 gas	 (GHG)	 emission	 is	currently	 one	 of	 the	 key	 topics	 of	 global	 research	 output.	 Light-duty	 vehicles	account	 for	a	 fifth	of	nationwide	emissions	of	carbon	dioxide,	which	 is	 the	 leading	greenhouse	gas	[56][57].		







diseases	across	different	climatic	regions,	and	disability	adjusted	life	years	lost	per	disease.			 All	 transportation	 modes	 emit	 pollutants	 that	 affect	 global	 climate.	 These	climate-forcing	pollutants	are	called	greenhouse	gas	(GHG),	includes	carbon	dioxide	(CO2),	methane	(CH4),	nitrous	oxide	(N2O),	carbon	monoxide	(CO),	nitrogen	oxides	(NO2),	 ammonia	 (NH3),	 sulfur	 oxides	 (SO2),	 volatile	 organic	 compounds	 (VOCs),	chlorofluorocarbons	(CFCs),	and	various	forms	of	particulate	matter	(PM).			 The	climate	change	costs	of	transport	can	be	estimated	as	the	product	of	the	two	factors:	CO2	equivalent	emissions	of	GHGs	(in	VMT),	and	the	damage	cost	of	a	unit	of	GHG	emission.	The	evaluation	is	to	simplify	the	cost-evaluation	process	of	a	complex	system.			 In	exaggerated	population	urban	metro	area,	GHG	emission	causes	the	urban	heat	island	effect.	“Heat	island”	describes	built	up	areas	that	are	hotter	than	nearby	rural	areas.	The	annual	mean	air	temperature	of	a	city	with	1	million	people	or	more	can	be	1.8	–	5.4	°F	warmer	than	its	surroundings.	In	the	evening,	the	difference	can	be	as	high	as	22	°F.	Heat	 island	can	affect	communities	by	 increasing	summertime	peak	 energy	 demand,	 air	 conditioning	 costs,	 air	 pollution	 and	 greenhouse	 gas	emission,	heat-related	illness	and	mortality,	and	water	quality	[5].	
4.3.2	Procedures	and	model	review	
A. General	procedures			 The	unit	 cost	 estimation	 for	different	 transport	modes	 follows	a	procedure	that	 is	 already	 familiar	 from	 the	 discussion	 of	 air	 pollution	 and	 noise	 costs.	 The	
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• Carbon	dioxide	–	 released	during	 the	 combustion	of	 solid	waste,	wood	and	fossil	 fuels.	20%	of	total	CO2	emissions	 in	the	United	States	come	from	cars	and	light	trucks	
• Methane	–	emitted	during	the	production	and	transport	of	coal,	natural	gas,	and	oil.	Other	 sources	may	 include	 the	decomposition	of	 organic	wastes	 in	landfills	and	raising	of	livestock		
• Nitrous	oxide	–	emitted	during	agricultural	and	 industrial	activities,	as	well	as	during	the	combustion	of	fossil	fuels.	Nitrous	oxide	plays	a	key	role	in	the	disruption	 of	 the	 ozone	 cycle,	 producing	 elevated	 level	 of	 ozone	 in	 the	troposphere.	[59]		 In	the	dissertation	research,	 I	want	to	 illustrate	the	social	(external)	cost	of	vehicle	 emission	 in	 urban	metro	 area.	 Therefore,	 the	 research	 focuses	 on	 tailpipe	emission	of	vehicle	miles	driven.			 EPA	 regulate	 that	 carbon	 dioxide	 (CO2),	 while	 not	 regulated	 as	 an	 air	pollutant,	 is	 the	 transportation	 sector’s	 primary	 contribution	 to	 climate	 change.	Carbon	 dioxide	 emissions	 are	 essentially	 proportional	 to	 fuel	 consumption	 (and	inversely	 proportional	 to	 fuel	 economy)	 –	 each	 1%	 increase	 in	 fuel	 consumption	results	 in	 a	 corresponding	1%	 increase	 in	 carbon	dioxide	 emission.	About	19.4	 lb	CO2	 is	produced	 fro	every	gallon	of	 gasoline	 combusted.	Passenger	 cars	and	 light-duty	 trucks	 also	 emit	 small	 amounts	 of	 other	 GHGs,	 but	 the	 difference	 could	 be	tolerated.			Therefore,	the	cost	function	contains	variables	as	follow:	






























12.36	 0.368	 1844808	 1.104	 0.00455	 9.26	
3%	
Average	
40.45	 0.368	 1844808	 1.104	 0.01489	 30.32	
2.5%	
Average	
62.92	 0.368	 1844808	 1.104	 0.02315	 47.16	
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congestion	was	64%	of	total	cost,	along	with	13%	human	health	cost,	13%	of	climate	change	cost,	and	10%	of	urban	island	heat	cost.		 HDV	generated	14%	of	total	urban	transport	externality	in	2013.	The	externalities	generated	by	HDV	have	not	been	captured	in	previous	studies.	The	author	proposes	to	model	externalities	of	HDV	travel	in	future	studies	in	the	transport	economic	area.	However,	the	externalities	generated	by	HDV	in	urban	area	will	not	be	considered	in	other	scenarios	in	this	research	due	to	the	unknown	technology	adoption	trend	among	HDVs.	The	climate	change	cost	will	be	simplified	to	the	local	climate	impact	–	urban	heat	cost	only.	














































Table	24:	Average	VOR	for	selected	purpose	from	1977	–	2013[64]	[61]	Trip	Purpose	 1977	 1983	 1990	 1995	 2001	 2009	 2013	
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Work	 1.30	 1.29	 1.14	 1.14	 1.14	 1.13	 -	
Personal	 2.10	 1.79	 1.71	 1.74	 1.79	 1.78	 -	
Social	 2.40	 2.12	 2.08	 2.04	 2.03	 2.20	 -	













VMT𝐧 = VMTo×VORoVORn 	Equation	9:	VMT	in	mobility	sharing	scenario																																		*	VMTn	–	New	VMT	in	the	mobility-sharing	scenario	*	VMTo	–	Original	VMT	in	the	baseline	scenario	(urban	transportation	data	in	2013)	*	VORo	–	Original	VOR	in	the	baseline	scenario	in	2013;	1.6	passengers	per	vehicle	*	VORn	–	New	VOR	in	the	mobility-sharing	scenario		
Table	25:	VMT	in	mobility	sharing	scenario	
B. Mobility	sharing	scenario	with	Electric	Vehicles	at	different	penetration	rate			
VOR	 VMTo	[Billion	miles]	 PMT	[Billion	miles]	 VMTn	[Billion	miles]	1.6	 1,845	 2,952	 1,845	2	 1,845	 2,952	 1,476	3	 1,845	 2,952	 0.984	4	 1,845	 2,952	 0.738	5	 1,845	 2,952	 0.590	
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	 In	the	shared	EV	scenario,	the	author	integrates	different	penetration	rates	of	electric	vehicles.	All	other	factors	remain	the	same	when	compare	to	the	previous	mobility	sharing	scenario.		























p	 Congested	conditions	-	The	travel	condition	p	is	calculated	from	the	travel	time	index	found	in	Texas	A&M’s	Urban	Report	2013.	In	both	baseline	scenario	and	this	scenario,	p	value	is	0.1736.		Table	28:	Value	change	of	variables	in	unit	congestion	cost	formula	Variables	 Baseline	scenario	 Mobility	sharing	Scenario	
tf	 Travel	time	at	free-flow	conditions	per	mile	traveled	 Remain	the	same	α,	β	 BPR-required	parameters;	0.84	and	5.5	(fixed	value)	 Remain	the	same	Vol	 Road	capacity	per	hour	per	lane	*	travel	demand	 Travel	demand	changes	based	on	the	number	of	vehicles	on	road	PCE	 Passenger	car	equivalent	 Remain	the	same	




VOR	 Road	capacity	per	hour	per	lane	1.6	 2000*95%	=	1900	2	 1520	3	 1013	4	 760	5	 608		
Table	30:The	unit	cost	model	at	different	VOR	VOR	 Cost	Model	1.6	 𝐶𝐶 = 𝑡𝑓 ∗ 𝛼 ∗ 1900 + 1.1042000 ? − 19002000 ? ∗ 1900 ∗ 6.04 ∗ 0.1736	2	 𝐶𝐶 = 𝑡𝑓 ∗ 𝛼 ∗ 1520 + 1.1042000 ? − 15202000 ? ∗ 1520 ∗ 6.04 ∗ 0.1736	3	 𝐶𝐶 = 𝑡𝑓 ∗ 𝛼 ∗ 1013 + 1.1042000 ? − 10132000 ? ∗ 1013 ∗ 6.04 ∗ 0.1736	4	 𝐶𝐶 = 𝑡𝑓 ∗ 𝛼 ∗ 760 + 1.1042000 ? − 7602000 ? ∗ 760 ∗ 6.04 ∗ 0.1736	5	 𝐶𝐶 = 𝑡𝑓 ∗ 𝛼 ∗ 608 + 1.1042000 ? − 6082000 ? ∗ 608 ∗ 6.04 ∗ 0.1736	
	






1.6	 0.1006	 1,844	 185.59	
2	 0.0295	 1,475	 43.53	
3	 0.0032	 0.983	 3.12	
4	 0.0007	 0.737	 0.48	







































	 	 Low	 High	
PM	2.5	 PM	2.5	 25.33	 385.46	
PM	2.5	-	10	 PM	2.5	-	10	 15.55	 40.86	
NOx	 Total	 2.72	 39.92	
VOC	 Organic	PM10	 0.22	 2.48	





						VOR	 VMTn	[Billion	miles]	 Total	unit	cost	of	pollutants	[Dollars]	 Total	cost	[Billion	dollars]	1.6	 1,845	 0.0199	 36.70	2	 1,476	 0.0199	 29.36	3	 0.984	 0.0199	 19.58	
VOR	 VMTo	[Billion	miles]	 PMT	[Billion	miles]	 VMTn	[Billion	miles]	1.6	 1,845	 2,952	 1,845	2	 1,845	 2,952	 1,476	3	 1,845	 2,952	 0.984	4	 1,845	 2,952	 0.738	5	 1,845	 2,952	 0.590	
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4	 0.738	 0.0199	 14.68	5	 0.590	 0.0199	 11.75	
Figure	27:	Human	health	externality	in	sharing	scenario	
5.4.4	External	costs	of	climate	change	in	the	mobility	sharing	scenario		



















Table	36:	Unit	GHG	cost	per	VMT		 In	2013	dollar		[Dollar	per	ton]	 Unit	Emission	[Kg	per	VMT]	 PCE	 Unit	Cost	in	2013		[Dollar	per	VMT]	5%	 11	 0.368	 1.104	 0.00455	3%	 36	 0.368	 1.104	 0.01489	2.5%	 56	 0.368	 1.104	 0.02315		
b. VMT	in	mobility	sharing	scenario		Table	37:	VMT	in	mobility	sharing	scenario	with	EVs	
C. Experimental	results		
Table	38:	Climate	change	externality	in	mobility	sharing	with	ICE	vehicles	VOR	 VMTn	[Billion	miles]	 Unit	cost	of	GHG	[Dollars	per	VMT]	 Total	cost	[Billion	dollars]	1.6	 1,845	 0.01489	 30.32	2	 1,476	 0.01489	 24.25	3	 0.984	 0.01489	 16.17	
VOR	 VMTo	[Billion	miles]	 PMT	[Billion	miles]	 VMTn	[Billion	miles]	1.6	 1,845	 2,952	 1,845	2	 1,845	 2,952	 1,476	3	 1,845	 2,952	 0.984	4	 1,845	 2,952	 0.738	5	 1,845	 2,952	 0.590	
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Table	40:	O%	EV	adoption	rate	in	sharing	scenario	VOR	 Total	VMT	[Billion	miles]	 0%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 1,845	 0	 36.70	2	 1,476	 1,476	 0	 29.36	3	 0.984	 0.984	 0	 19.58	4	 0.738	 0.738	 0	 14.68	5	 0.590	 0.590	 0	 11.75	
b. 25%	EV	adoption	
Table	41:	25%	EV	adoption	rate	in	sharing	scenario	VOR	 Total	VMT	[Billion	miles]	 25%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 1,384	 0.461	 25.53	2	 1,476	 1,107	 0.369	 22.02	3	 0.984	 0.738	 0.246	 14.68	4	 0.738	 0.553	 0.184	 11.01	5	 0.590	 0.443	 0.148	 8.81	
c. 50%	EV	adoption	
Table	42:	50%	EV	adoption	in	mobility	sharing	scenario	VOR	 Total	VMT	[Billion	miles]	 50%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 0.922	 0.922	 18.35	2	 1,476	 0.738	 0.738	 14.68	3	 0.984	 0.492	 0.492	 9.79	
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4	 0.738	 0.369	 0.369	 7.34	5	 0.590	 0.295	 0.295	 5.87		
d. 75%	EV	adoption	
Table	43:	75%	EV	adoption	in	mobility	sharing	scenario	VOR	 Total	VMT	[Billion	miles]	 75%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 0.461	 1,384	 9.18	2	 1,476	 0.369	 1,107	 7.34	3	 0.984	 0.246	 0.738	 4.89	4	 0.738	 0.184	 0.553	 3.67	5	 0.590	 0.148	 0.443	 2.94	
e. 100%	EV	adoption		




































a. 0%	EV	adoption	rate		Table	46:	Climate	change	externality	at	0%	EV	adoption	VOR	 Total	VMT	[Billion	miles]	 0%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 1,845	 0	 27.46	2	 1,476	 1,476	 0	 21.97	3	 0.984	 0.984	 0	 14.65	4	 0.738	 0.738	 0	 10.98	5	 0.590	 0.590	 0	 8.79	
b. 25%	EV	adoption	rate	Table	47:	Climate	change	externality	at	25%	EV	adoption	VOR	 Total	VMT	[Billion	miles]	 25%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 1,384	 0.461	 20.60	2	 1,476	 1,107	 0.369	 16.48	3	 0.984	 0.738	 0.246	 10.98	4	 0.738	 0.553	 0.184	 8.24	5	 0.590	 0.443	 0.148	 6.59	
c. 50%	EV	adoption	rate		Table	48:	Climate	change	externality	at	50%	EV	adoption	VOR	 Total	VMT	[Billion	miles]	 50%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 0.922	 0.922	 13.73	2	 1,476	 0.738	 0.738	 10.98	3	 0.984	 0.492	 0.492	 7.32	
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4	 0.738	 0.369	 0.369	 5.49	5	 0.590	 0.295	 0.295	 4.39		
d. 75%	EV	adoption	rate		Table	49:	Climate	change	externality	at	75%	EV	adoption	VOR	 Total	VMT	[Billion	miles]	 75%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 0.461	 1,384	 6.87	2	 1,476	 0.369	 1,107	 5.49	3	 0.984	 0.246	 0.738	 3.66	4	 0.738	 0.184	 0.553	 2.75	5	 0.590	 0.148	 0.443	 2.20	
e. 100%	EV	adoption	rate		Table	50:	Climate	change	externality	at	100%	EV	adoption	VOR	 Total	VMT	[Billion	miles]	 100%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	1.6	 1,845	 0	 1,845	 0	2	 1,476	 0	 1,476	 0	3	 0.984	 0	 0.984	 0	4	 0.738	 0	 0.738	 0	5	 0.590	 0	 0.590	 0			
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Figure	30:	Climate	change	externality	at	different	penetration	rates	






















































A. Uncertainty	of	technology	compatibility	and	the	transition	period		 The	P2S	transition	was	defined	in	Chapter	X.		This	transition	can	also	be	interpreted	as	the	period	when	human	drivers	and	automated	driving	cars	co-exist	in	traffic.			 Human	drivers’	behavior	and	actions	are	the	most	unpredictable	elements	of	live	traffic.	Computer	science	engineers	have	been	working	on	machine	learning	language	to	predict	human	drivers’	behaviors	by	learning	from	real	traffic	data.	However,	ethical	concerns	beyond	the	scope	of	these	algorithms	exist.	For	example,	during	an	unavoidable	traffic	accident,	should	an	automated	driving	system	save	its	passengers	or	the	other	would-be	victims?	What	if	the	would-be	victims	are	pregnant	women	or	young	children?	Who	is	responsible	for	the	action	and	following	liabilities	when	the	driver	was	undisputably	not	operating	the	vehicle?			 Scientists	and	engineers	can	do	their	best	to	train	machines	to	learn	interactive	human	driving	behaviors.	They	may	also	assume	that	regulations	will	be	in	place	before	the	mass	adoption	of	such	technology,	and	bet	on	taking	irrational	
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drivers	out	of	the	traffic.	Beyond	these	two	scenarios,	the	transition	period	is	still	the	biggest	challenge	that	automated	driving	system	is	facing.		


























	 LIDAR	 Radar	 Ultrasonic	 Camera	
Tesla	 ✖	 ✔	 ✔	 ✔	
Google	 ✔	 ✔	 ✔	 ✔	
Baidu	 ✔	 ✔	 ✔	 ✔	
Ford	 ✔	 ✔	 ✔	 ✔		 		 The	author	looked	into	the	functionality	of	each	type	of	sensor	and	compared	outcomes	of	different	combinations	of	sensors.	Since	there	are	no	standards	for	how	automated	driving	systems	should	perform	yet,	the	author	went	through	a	list	of	consulting	studies	and	picked	the	metrics	she	thinks	are	critical.	
Table	54:	The	metrics	to	evaluate	hardware	system	in	automated	driving	technology	
Code	 Metric	 Description	 Evaluation	
1	 Range	 Detection	range	 The	farther	the	better.	
2	 Proximity	Detection	 Short	range	detection	 The	closer	the	better	
3	 Resolution	 Measured	in	pixels	per	inch	 The	more	the	better	
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4	 Detection	Speed	 The	feedback	speed	 The	faster	the	better	
5	 Sensor	Size	 Size	and	weight	of	the	sensor	 The	smaller	(less	invisible)	the	better	








10	 Color/Contrast	 The	ability	to	detect	black/white	or	colorful	image	 Color	VS	no	color	Table	55:	Comparison	of	four	sensors	
Comparison	of	four	types	of	sensor	
	 LIDAR	 Radar	 Ultrasonic	 Camera	system	
	 Desc.	 Score	 Desc.	 Score	 Desc.	 Score	 Desc.	 Score	
1	 Up	to	120	 4	 100-200	 4	 Good	 5	 Very	close	 1	
2	 >30	 2	 Fairly	good	 4	 Less	useful	 2	 Very	effective	 5	
3	 64	pixel	at	10	hz	 4	 Good	 3	 3,000	pixel	 5	 Acceptable	 2	
4	 Effective	(100MBPS)	 4	 Very	effective	 5	 Long	 2	 Slow	 1	
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5	 7*8*10.3	(80KG)	 0	 Very	small	 5	 Very	small	 5	 Very	small	 5	
6	 $80,000	 1	 <$200	 5	 <$200	 5	 $15-$20	 5	
7	 Y	 5	 Y	 5	 Y	 4	 Y	 5	
8	 Y	 5	 Y	 5	 Troubled	 2	 Y	 5	
9	 Decreased	performance	 3	 Y	 5	 Good	 1	 Y	 5	
10	 N	 0	 N	 0	 Y	 5	 N	 0	Table	56:	The	metrics	to	evaluate	sensors	
Metrics	
	 5	 4	 3	 2	 1	 0	
1	 >200	 100	-	200	 -	 -	 <5	 -	
2	 Very	close	 Fairly	good	(5-15	m)	 Good	(15-30	m)	 >30	m	 -	 -	
3	 Thousand	pixels	 <100	pixel	 Good	 Acceptable	 -	 -	
4	 Very	effective	 Effective	 Good	 Long	time	 Slow	 -	
5	 Small	 -	 -	 -	 Huge	 -	
6	 <$200	 -	 -	 -	 >$50,000	 -	
7	 Very	well	 Conditionally	well	 Significantly	decreased	performance	
Troubled	 Poor	 -	
8	 Very	well	 Conditionally	well	 Significantly	decreased	performance	
Troubled	 Poor	 -	
9	 Very	well	 Conditionally	well	 Significantly	decreased	performance	
Troubled	 Poor	 -	














































C. Cost	of	vehicle	ownership	or	cost	of	mobility	per	VMT		 The	cost	of	travel	influences	the	user’s	decision-making	process.	The	manufacturing	cost	of	automated	driving	vehicles	influences	the	adoption	of	automated	driving	technologies.	The	shared	mobility	business	model	influences	the	cost	per	mile	traveled	under	different	mobility	plans.	All	changing	factors	lead	to	either	an	increase	of	decrease	of	total	VMT.		 The	author	has	reviewed	a	series	literatures,	the	summarized	results	are	listed	in	Table	26.	Increased	VMT	at	different	rates	in	urban	travel	is	expected.	Tables	26and	27	present	the	range	of	changes	in	VMT	dependent	on	regional	variations[70].		This	study	will	adopt	the	values	for	“Mixed	freeway	lanes	and	ramps”,	highlighted	in	red	below.	
Table	57:	Increased	VMT	by	automated	driving	in	urban	areas	without	mass-transit	systems	Increase	in	VMT	per	capita	in	auto-dependent	regions	Permitted	usage	locations	 Penetration	Rate		 25%	 50%	 75%	 100%	Exclusive	freeway	lanes	 +10%	 +20%	 +30%	 +35%	Mixed	freeway	lanes	and	 +5%	 +10%	 +20%	 +30%	
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6.4.2	External	traffic	congestion	cost	for	Scenario	A		 Congestion	externality	is	a	per-time	cost	function.	The	major	variables	are	the	unit	cost	of	passengers’	time	lost	in	traffic	congestion,	and	total	vehicle	miles	traveled	in	urban	area.			 	Cost	function	formula:	𝐶𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛	𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑡𝑦 = 𝑈𝑛𝑖𝑡	𝑐𝑜𝑠𝑡	𝑝𝑒𝑟	𝑚𝑖𝑙𝑒 ∙ 𝑉𝑀𝑇	
Equation	16:	Congestion	cost	in	automated	driving	scenario	
A. Unit	cost	per	vehicle	mile	traveled	in	Scenario	A	




corresponding	to	1.5	minutes	of	travel	time	per	mile	traveled	at	free	flow	conditions.	α,	β	 BPR-required	parameters;	0.84	and	5.5	(fixed	value)	Vol	 Road	capacity	is	assumed	to	be	2000	vehicles	per	hour	per	lane	(vphpl)	and	demand	is	assumed	to	be	right	at	95%	of	total	available	capacity	in	the	baseline	scenario.	The	capacity	changes	with	penetration	rate	of	autonomous	vehicles	as	shown	in	Table	29.	PCE	 PCE	measures	Passenger	Car	Equivalence.	It	is	calculated	based	on	sales	volume	of	different	vehicles	in	urban	areas.	PCE	is	considered	constant	at	1.104	for	these	scenarios.	Cap	 Road	capacity	-	Road	capacity	is	assumed	to	be	2000	vehicles	per	hour	per	lane	(vphpl)	VOTT	 VOTT	is	a	constant	measurement	of	the	Value	of	the	Traveler’s	Time.	The	Victoria	Transport	Policy	Institute	estimates	that	the	value	of	travel	time	for	personal	purposes	is	about	30%	of	household	hourly	income.	In	2006,	the	U.S.	household	hourly	income	was	16.83	dollars.	After	accounting	for	inflation,	the	VOTT	is	6.04	dollars	in	2013.	p	 Congested	conditions	-	The	travel	condition	p	is	calculated	from	the	travel	time	index	found	in	Texas	A&M’s	Urban	Report	2013.	In	both	baseline	scenario	and	this	scenario,	p	value	is	0.1736.		Table	62:	The	comparison	of	factors	in	unit	congestion	cost	between	baseline	scenario	and	automated	driving	scenario	Variables	 Baseline	scenario	 Automated	driving	scenario		
tf	 Travel	time	at	free-flow	conditions	per	mile	traveled	 Remain	the	same	
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α,	β	 BPR-required	parameters;	0.84	and	5.5	(fixed	value)	 Remain	the	same	Vol	 Road	capacity	per	hour	per	lane	*	travel	demand	 Road	capacity	changes	based	on	the	penetration	rate	of	CACC	system	PCE	 Passenger	car	equivalent	 Remain	the	same	
Cap	 Road	capacity	 Road	capacity	changes	based	on	the	penetration	rate	of	CACC	system	VOTT	 Value	of	travel	time	 Remain	the	same	
p	 Congested	conditions	 Remain	the	same		




Penetration	Rate	 Original	VMT	[Billion	miles]	 Increased	percentage	of	total	VMT	 New	VMT	[Billion	miles]	0%	 1,845	 0%	 1,845	25%	 1,845	 5%	 1,937	50%	 1,845	 10%	 2,029	75%	 1,845	 20%	 2,214	100%	 1,8458	 30%	 2,398	
C. Modeled	results	for	automated	driving	with	ICE	scenario		

























	 	 Low	 High	
PM	2.5	 PM	2.5	 25.33	 385.46	
PM	2.5	-	10	 PM	2.5	-	10	 15.55	 40.86	
NOx	 Total	 2.72	 39.92	
VOC	 Organic	PM10	 0.22	 2.48	
CO	 CO	 0.02	 0.17		 Penetration	Rate	 Original	VMT	[Billion	miles]	 Increased	percentage	of	total	VMT	 New	VMT	[Billion	miles]	0%	 1,845	 0%	 1,845	25%	 1,845	 5%	 1,937	50%	 1,845	 10%	 2,029	75%	 1,845	 20%	 2,214	100%	 1,8458	 30%	 2,398	
C. Modeled	human	health	externality	results	for	automated	driving	scenario	






















In	2013	dollar	[Dollars	per	metric	ton]	 Unit	Emission	[Kg	per	VMT]	 PCE	 Unit	Cost	in	2013		[Dollars	per	VMT]	5%	 11	 0.368	 1.104	 0.00455	3%	 36	 0.368	 1.104	 0.01489	2.5%	 56	 0.368	 1.104	 0.02315	
b. VMT	Table	69:	VMT	in	automated	driving	with	ICE	scenario	Penetration	Rate	 Original	VMT	[Billion	miles]	 Increased	percentage	of	total	VMT	 New	VMT	[Billion	miles]	0%	 1,845	 0%	 1,845	25%	 1,845	 5%	 1,937	50%	 1,845	 10%	 2,029	75%	 1,845	 20%	 2,214	100%	 1,8458	 30%	 2,398	
C. Modeled	results	of	climate	change	externality	in	automated	driving	scenario		

































Table	72:	Total	VMT	in	automated	driving	with	EV	scenario	Penetration	Rate	 Original	VMT	[Billion	miles]	 Increased	percentage	of	total	VMT	 New	VMT	[Billion	miles]	0%	 1,845	 0%	 1,845	25%	 1,845	 5%	 1,937	50%	 1,845	 10%	 2,029	75%	 1,845	 20%	 2,214	
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100%	 1,845	 30%	 2,398	
D. Calculation	results	
a. 0%	EV	adoption	Table	73:	Modeled	HHC	at	0%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	
0%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	0%	 1,845	 1,845	 0	 36.70	25%	 1,937	 1,937	 0	 38.54	50%	 2,029	 2,029	 0	 40.37	75%	 2,214	 2,214	 0	 44.05	100%	 2,398	 2,398	 0	 47.72	
b. 25%	EV	adoption		Table	74:	Modeled	HHC	at	25%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	
25%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	0%	 1,845	 1,383	 0.461	 27.53	25%	 1,937	 1,453	 0.485	 28.90	50%	 2,029	 1,522	 0.507	 30.28	75%	 2,214	 1,660	 0.533	 33.03	100%	 2,398	 1,799	 0.600	 35.79	
c. 50%	EV	adoption	Table	75:	Modeled	HHC	at	50%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	
50%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	0%	 1,845	 0.922	 0.922	 18.35	
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25%	 1,937	 0.969	 0.969	 19.27	50%	 2,029	 1.015	 1.015	 20.19	75%	 2,214	 1.107	 1.107	 22.02	100%	 2,398	 1.200	 1.200	 23.86	
d. 75%	EV	adoption	Table	76:	Modeled	HHC	at	75%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	
75%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	0%	 1,845	 0.461	 1,383	 9.18	25%	 1,937	 0.485	 1,453	 9.63	50%	 2,029	 0.507	 1,522	 10.09	75%	 2,214	 0.533	 1,660	 11.01	100%	 2,398	 0.600	 1,799	 11.93	
e. 100%	EV	adoption	Table	77:	Modeled	HHC	at	100%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	





























































25%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	0%	 1,845	 1,383	 0.461	 20.60	25%	 1,937	 1,453	 0.485	 21.63	50%	 2,029	 1,522	 0.507	 22.66	75%	 2,214	 1,660	 0.533	 24.71	100%	 2,398	 1,799	 0.600	 26.77	
c. 50%	EV	adoption	Table	81:	Modeled	CCE	at	50%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	
50%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	0%	 1,845	 0.922	 0.922	 13.73	25%	 1,937	 0.969	 0.969	 14.42	50%	 2,029	 1.015	 1.015	 15.10	75%	 2,214	 1.107	 1.107	 16.48	100%	 2,398	 1.200	 1.200	 17.85	
d. 75%	EV	adoption	Table	82:	Modeled	CCE	at	75%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	
75%	EV	penetration	rate	 Total	cost	[Billion	dollars]	ICE	VMT	 EV	VMT	0%	 1,845	 0.461	 1,383	 6.87	25%	 1,937	 0.485	 1,453	 7.20	50%	 2,029	 0.507	 1,522	 7.55	75%	 2,214	 0.533	 1,660	 8.34	100%	 2,398	 0.600	 1,799	 8.92	
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e. 100%	EV	adoption	Table	83:	Modeled	CCE	at	100%	EV	penetration	rate	in	automated	driving	scenario	CACC	penetration	rate		 Total	VMT	[Billion	miles]	





























































































Table	84:	Correlationships	between	dependent	and	independent	variables	External	cost	 EV	 Mobility	Sharing	 Automated	Driving	Traffic	Congestion	 -	 Correlated	 Correlated	Health	Impact	 Correlated	 Correlated	 Correlated	Global	Warming	 Correlated	 Correlated	 Correlated	
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7.3.2	External	costs	of	traffic	congestion			 Congestion	externality	is	a	cost	per	mile	based	cost	function.	Two	major	variables	are	the	unit	cost	that	occurs	due	to	passengers’	time	lost	in	traffic	congestion,	and	total	VMT	in	urban	area.			 	Cost	function	formula:	𝐶𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛	𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑡𝑦 = 𝑈𝑛𝑖𝑡	𝑐𝑜𝑠𝑡 ∙ 𝑉𝑀𝑇	
Equation	23:	Congestion	externality	in	visionary	scenario	
A. Unit	cost	per	vehicle	mile		
𝐶𝐶 = 𝑡𝑓 ∙ 𝛼 ∙ 	 [ 𝑉𝑜𝑙 + 𝑃𝐶𝐸𝐶𝑎𝑝 ? − 𝑉𝑜𝑙𝐶𝑎𝑝 ?] ∙ 𝑉𝑜𝑙 ∙ 𝑉𝑂𝑇𝑇 ∙ 𝑝	
Equation	24:	Unit	congestion	externality	in	visionary	scenario	
Table	85:	Definition	of	variables	and	constants	in	unit	congestion	cost	
Factors	 Definition	tf	 Travel	time	at	free	flow	conditions.	The	average	congested	roadway	was	assumed	to	have	a	free-flow	speed	of	40	mph,	corresponding	to	1.5	minutes	of	travel	time	per	mile	traveled	at	free	flow	conditions.	α,	β	 BPR-required	parameters;	0.84	and	5.5	(fixed	value)	Vol	 Road	capacity	is	assumed	to	be	2000	vehicles	per	hour	per	lane	(vphpl)	and	demand	is	assumed	to	be	right	at	95%	of	total	available	capacity	in	the	baseline	scenario.	The	capacity	changes	with	penetration	rate	of	autonomous	vehicles	as	shown	in	Table	29.	PCE	 PCE	measures	Passenger	Car	Equivalence.	It	is	calculated	based	on	sales	volume	of	different	vehicles	in	urban	areas.	
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PCE	is	considered	constant	at	1.104	for	these	scenarios.	Cap	 Road	capacity	-	Road	capacity	is	assumed	to	be	2000	vehicles	per	hour	per	lane	(vphpl)	VOTT	 VOTT	is	a	constant	measurement	of	the	Value	of	the	Traveler’s	Time.	The	Victoria	Transport	Policy	Institute	estimates	that	the	value	of	travel	time	for	personal	purposes	is	about	30%	of	household	hourly	income.	In	2006,	the	U.S.	household	hourly	income	was	16.83	dollars.	After	accounting	for	inflation,	the	VOTT	is	6.04	dollars	in	2013.	p	 Congested	conditions	-	The	travel	condition	p	is	calculated	from	the	travel	time	index	found	in	Texas	A&M’s	Urban	Report	2013.	In	both	baseline	scenario	and	this	scenario,	p	value	is	0.1736.		Table	86:	The	changes	of	factors	in	unit	congestion	cost	when	compare	to	baseline	scenario		Variables	 Baseline	scenario	 Mobility	sharing	Scenario	








Table	87:	Increased	lane	capacity	at	different	penetration	rates	of	automated	driving	system	CACC	penetration	rate	 Vehicles	per	hour	per	lane	0%	 2,000	25%	 2,000	50%	 2,300	75%	 3,000	100%	 4,000		
b. Decreased	vehicle	volume	in	urban	traffic			 Mobility	sharing	impacts	the	unit	cost	in	traffic	congestion	due	to	the	decreased	number	of	vehicles	in	traffic,	assuming	static	travel	demand.		




VOR	 0%	AV	 25%	AV	 50%	AV	 75%	AV	 100%	AV	 Actual	Cap.	
	 Vphpl	 Vphpl	 Vphpl	 Vphpl	 Vphpl	 	
1.6	 2000	 2000	 2300	 3000	 4000	 1900	
2	 2000	 2000	 2300	 3000	 4000	 1520	
3	 2000	 2000	 2300	 3000	 4000	 1013	
4	 2000	 2000	 2300	 3000	 4000	 760	
5	 2000	 2000	 2300	 3000	 4000	 608		Table	90:Unit	cost	at	different	VOR		CACC	penetration	rate	
Unit	congestion	cost	at	different	OR	[Dollars	per	VMT]	1.6	 2	 3	 4	 5	0%	 0.1006	 0.0295	 0.0536	 0.0402	 0.0322	25%	 0.1006	 0.0295	 0.0536	 0.0402	 0.0322	50%	 0.0466	 0.0137	 0.0249	 0.0187	 0.0149	75%	 0.0108	 0.0032	 0.0058	 0.0043	 00035	100%	 0.0022	 0.0007	 0.0012	 0.0009	 0.0007		
B. New	VMT	under	different	penetration	rates	and	different	sharing	rates	
Table	91:	Converted	VMTs	under	different	VOR	and	automated	driving	penetration	rates	in	visionary	scenario	CACC	penetration	rate	 Original	VMT	[Billion	miles]	
VMT	in	visionary	scenario	[Billion	miles]	1.6	 2	 3	 4	 5	0%	 1,845	 1,845	 1,476	 984	 738	 590	25%	 1,937	 1,937	 1,550	 1,044	 775	 620	
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50%	 2,029	 2,029	 1,623	 1,082	 812	 649	75%	 2,213	 2,213	 1,771	 1,181	 886	 708	100%	 2,399	 2,399	 1,919	 1,279	 959	 767		
C. Integrated	external	cost		
Table	92:	Congestion	externalities	at	different	technology	adoption	rates	CACC	penetration	rate	

















































	 	 Low	 High	
PM	2.5	 PM	2.5	 25.33	 385.46	
PM	2.5	-	10	 PM	2.5	-	10	 15.55	 40.86	
NOx	 Total	 2.72	 39.92	
VOC	 Organic	PM10	 0.22	 2.48	
CO	 CO	 0.02	 0.17	Table	94:	Unit	pollutant	cost	of	ICE	and	EV	vehicle-miles	traveled	Unit	pollutant	cost	of	ICE	and	EV	[Dollars	per	VMT]	ICE	 EV	0.0199	 0		Table	95:	VMT	for	human	health	externality	in	visionary	scenario	CACC	penetration	rate	 Original	VMT	[Billion	miles]	







	 1.6	 2	 3	 4	 5	
0%	 36.70	 29.36	 19.58	 14.68	 8.81	
25%	 38.54	 30.83	 20.55	 15.42	 9.25	
50%	 40.37	 32.30	 21.53	 16.15	 9.69	
75%	 44.05	 35.24	 23.49	 17.62	 10.57	
100%	 47.72	 38.17	 25.45	 19.09	 11.45	


























	 1.6	 2	 3	 4	 5	
0%	 27.53	 22.02	 14.68	 11.01	 8.81	
25%	 28.90	 23.12	 15.42	 11.56	 9.25	
50%	 30.28	 24.22	 16.15	 12.11	 9.69	
75%	 33.03	 26.43	 17.62	 13.21	 10.57	
100%	 35.79	 28.63	 19.09	 14.31	 11.45			



























































	 1.6	 2	 3	 4	 5	
0%	 18.35	 14.68	 9.79	 7.34	 5.87	
25%	 19.27	 15.42	 10.28	 7.71	 6.17	
50%	 20.19	 16.15	 10.77	 8.07	 6.46	
75%	 22.02	 17.62	 11.75	 8.81	 7.05	
100%	 23.86	 19.09	 12.72	 9.54	 7.63		

























	 1.6	 2	 3	 4	 5	
0%	 9.18	 7.34	 4.89	 3.67	 2.94	
25%	 9.63	 7.71	 5.14	 3.85	 3.08	
50%	 10.09	 8.07	 5.38	 4.04	 3.23	
75%	 11.01	 8.81	 5.87	 4.40	 3.52	
100%	 11.93	 9.54	 6.36	 4.77	 3.82		
























































	 1.6	 2	 3	 4	 5	
0%	 0	 0	 0	 0	 0	
25%	 0	 0	 0	 0	 0	
50%	 0	 0	 0	 0	 0	
75%	 0	 0	 0	 0	 0	
100%	 0	 0	 0	 0	 0		
7.3.4	External	cost	of	climate	change		






In	2013	dollar	[Dollars	per	metric	ton]	 Unit	Emission	[Kg	per	VMT]	 PCE	 Unit	Cost	in	2013		[Dollars	per	VMT]	5%	 11	 0.368	 1.104	 0.00455	3%	 36	 0.368	 1.104	 0.01489	2.5%	 56	 0.368	 1.104	 0.02315	Table	102:	Unit	pollutant	cost	for	ICE	and	EV	in	visionary	scenario	Unit	pollutant	cost	of	ICE	and	EV	[Dollars	per	VMT]	ICE	 EV	0.01489	 0	
b. VMT	Table	103:	VMT	for	climate	change	in	visionary	stage	CACC	penetration	rate	 Original	VMT	[Billion	miles]	






	 1.6	 2	 3	 4	 5	
0%	 27.46	 21.97	 14.65	 10.98	 8.79	
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25%	 28.83	 23.07	 15.38	 11.53	 9.23	
50%	 30.21	 24.17	 16.11	 12.08	 9.67	
75%	 32.95	 26.36	 17.58	 13.18	 10.55	
100%	 35.70	 28.56	 19.04	 14.28	 11.42		
	
	Figure	47:	Climate	change	externalities	at	0%	EV	in	the	visionary	scenario	



























	 1.6	 2	 3	 4	 5	
0%	 20.60	 16.48	 10.98	 8.24	 6.59	
25%	 21.63	 17.30	 11.53	 8.65	 6.92	
50%	 22.66	 18.12	 12.08	 9.06	 7.25	
75%	 24.71	 19.77	 13.18	 9.89	 7.91	
100%	 26.77	 21.42	 14.28	 10.71	 8.57		

























	 1.6	 2	 3	 4	 5	
0%	 13.73	 10.98	 7.32	 5.49	 4.39	
25%	 14.42	 11.53	 7.69	 5.77	 4.61	
50%	 15.10	 12.08	 8.06	 6.04	 4.83	
75%	 16.48	 13.18	 8.79	 6.59	 5.27	
100%	 17.85	 14.28	 9.52	 7.14	 5.71		


























































	 1.6	 2	 3	 4	 5	
0%	 6.87	 5.49	 3.66	 2.75	 2.20	
25%	 7.21	 5.77	 3.84	 2.88	 2.31	
50%	 7.55	 6.04	 4.03	 3.02	 2.42	
75%	 8.24	 6.59	 4.39	 3.30	 2.64	
100%	 8.92	 7.14	 4.76	 3.57	 2.86	
			

























	 1.6	 2	 3	 4	 5	
0%	 0	 0	 0	 0	 0	
25%	 0	 0	 0	 0	 0	
50%	 0	 0	 0	 0	 0	
75%	 0	 0	 0	 0	 0	
100%	 0	 0	 0	 0	 0		
7.4 Conclusions		 If	25%	vehicles	in	traffic	are	electric,	automated	and	shared	(VOR	at	2),	the	total	external	cost	is	reduced	by	65%.	The	performance	is	similar	to	the	shared	EV	










































1.45	 EPA	 0.075	–	2.39	 Delucchi	estimates;	Lemp	and	Kockelman	(2008);	Parry	et	al.	(2007);	Zhang	et	al.(2004);	Forkenbrock	(1998,	2001);	
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EPA	(2013)		
8.1	Geographic	variability	of	unit	congestion	costs		 At	the	simplest	level,	congestion	delay	costs	are	equal	to	the	hours	lost	to	delays,	multiplied	by	the	value	of	the	opportunities	foregone	during	a	reference	hour.	This	cost	function	was	defined	in	Chapter	4.		For	congestion	costs,	the	unit	value	is	calculated	based	on	a	revised	version	of	Lemp	and	Kockolman’s	model.	The	author	analyzed	the	automobile	sales	in	2013	to	identify	the	most	recent	PCE	(passenger	car	equivalent)	value.		𝐶𝑜𝑛𝑔𝑒𝑠𝑡𝑖𝑜𝑛𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑖𝑡𝑦𝐿𝐷𝑉 = 𝑉𝑀𝑇𝐿𝐷𝑉 ∙ 𝑢𝑛𝑖𝑡𝑐𝑜𝑠𝑡𝐿𝐷𝑉	











mile]	Switzerland		 44.46	 14.82	 0.248	Norway		 40.64	 13.54	 0.226	Luxembourg		 37.16	 12.47	 0.208	Denmark		 34.95	 11.65	 0.195	Ireland	 29.85	 9.94	 0.166	
Netherlands		 28.87	 9.62	 0.161	Canada		 28.43	 9.48	 0.158	Sweden	 27.45	 9.15	 0.152	





























	 VMT/day	[109	miles]	 Unit	cost	related	data	 Total	congestion	cost	in	the	city	[$	Bn]	Average	hourly	income	[$/hr]	
VOTT	[$/hr]	 Unit	congestion	cost	[$/hr]	
	































	 Table	112.	Unit	costs	of	tailpipe	pollutants	Emission	 Ambient	Pollutants	 Vehicle	Emission	Cost	[$1991/kg]	 Vehicle	Emission	Cost	[$2013/kg]	
	 	 Low	 High	 Low	 High	
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PM	2.5	 PM	2.5	 14.81	 225.36	 25.33	 385.46	PM	2.5	-	10	 PM	2.5	-	10	 9.09	 23.89	 15.55	 40.86	NOx	 Total	 1.59	 23.34	 2.72	 39.92	VOC	 Organic	PM10	 0.13	 1.45	 0.22	 2.48	CO	 CO	 0.01	 0.1	 0.02	 0.17		
Table	113.	Range	of	the	total	unit	pollutant	cost		 Unit	cost	of	all	pollutants	[¢/mile]	
Total	VMT	[Billion	miles]	 Total	cost	[Billion	dollars]	














































































































	 The	urban	mobility	demand	is	increasing	rapidly.	Researchers	have	proposed	different	 sets	 of	 solutions	 that	 integrate	 alternative	 fuel	 technologies,	 self-driving	technologies	and	mobility	sharing	models	to	address	the	challenge.	The	simulation	results	 are	 promising.	 The	 social	 economic	 benefits	 that	 are	 brought	 by	implementing	new	technologies	or	sets	of	technologies	have	not	been	quantified.				 The	 purpose	 of	 the	 parametric	 study	 is	 to	 evaluate	 the	 social	 economic	impact	of	different	possible	technology	adoption	pathways	in	the	transition	in	urban	mobility	service	sector	before	implementation.		
	 The	author	 believes	 that	 externality	 can	be	used	as	 a	 leading	 indicator	
for	 disruptive	 technology	 adoption	 in	 Product-to-Service	 Transition	 in	 the	










B. Market	pull	–	consumer	mobility	preference			 Gen	Y	(those	born	from	1977	to	1994)	is	emerging	as	the	largest	segment	influencing	the	automotive	industry.		Gen	Y	has	grown	up	in	a	connected	world	that	has	changed	how	they	interact	with	friends,	family	and	the	world	around	them.	The	needs	to	complete	tasks	that	require	access	to	a	vehicle	are	being	met	by	emerging	transportation	models	such	as	car-and-ride-sharing,	and	improved	public	transportation.		These	multimodal	systems	are	shifting	preferences	to	vehicle	access	in	contrast	to	vehicle	ownership.			 Mobility	sharing	trend	is	identified	as	a	dependent	variable	in	the	study.		
9.2	Designed	framework	and	scenarios	to	analyze	the	economical	impact	
of	different	technology	adoptions			 There	 are	 a	 variety	 of	 possible	 technology	 adoption	 pathways	 in	 the	 P2S	transition	due	 to	 changing	dynamics	 in	both	 technology	and	 the	marketplace.	The	framework	 serves	 to	 capture	 the	 tendencies	 of	 pathways	 for	 further	 quantifying	studies.		
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9.2.1	Resource-Demand	view	of	mobility	market	and	the	framework	for	the	P2S	




9.2.2	Scenarios	design			 The	 scenario	 design	 serves	 the	 purpose	 of	 quantifying	 externalities	 in	adoption	pathways	in	mobility	service	transition.		
Table	116:	Designed	scenarios	 Urban	Mobility	Scenarios	Study	
	 ICE	Vehicles	 Electric	Vehicles	 Automated	Driving	Vehicles	 Automated	Driving	Electric	Vehicles	
Individual	Owned	Fleet	 Baseline	Scenario	(1)	 Individual	Owned	EV	Scenario	(2)	 Individual	Owned	AV	Scenario	(3)	 Individual	Owned	EV+AV	Scenario	(6)	

































Table	118:	Quantified	transport	externalities	in	baseline	scenario	Baseline	scenario	Cost	category	 External	cost		[Billion	dollars]	Congestion	cost	 185.59	Human	health	impact	 36.70	Climate	change	 30.32	Total	cost	 252.61	
9.4.2	Scenario	2	–	Electric	Vehicle	adoption	scenario			 Electric	vehicle	technology	is	integrated	into	the	baseline	scenario	at	different	penetration	rates.	Electric	powered	vehicles	have	relatively	higher	fuel-efficiency	when	compared	to	gasoline-powered	vehicles.	Electric	vehicle	emits	no	tailpipe	pollutants	in	urban	travel.		
Table	119:	Evaluated	externalities	in	EV	adoption	scenario	
Cost	Category	 Penetration	Rate	0%	 25%	 50%	 75%	 100%	
Con.	Cost	 185.59	 185.59	 185.59	 185.59	 185.59	0%	 0%	 0%	 0%	 0%	HH	Cost	 36.70	 27.53	 18.35	 9.18	 0.00	
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Cost	Category	 Vehicle	Occupancy	Rate	1.6	 2	 3	 4	 5	






























Cost	Category	 Automated-driving	Technology	Penetration	Rate	0%	 25%	 50%	 75%	 100%	












































Table	122.	Results	of	all	scenarios	Scenarios	 Technology	 25%	 50%	 75%	 100%	
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Single-technology	adoption	
EV	 6.63%	 13.27%	 19.90%	 26.33%	Sharing	 61.54%	 84.62%	 89.20%	 91.47%	AV	 -5.55%	 33.35%	 58.68%	 63.42%	Double-technology	adoption	
EV	+	AV	 2.85%	 48.56%	 82.90%	 97.91%	EV	+	Sharing	 67.53%	 91.99%	 97.27%	 99.96%	
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